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ABSTRACT 
A characterization and comparison of the erosive characteristics of four power 
generation pulverized fuels and several pure abrasives - quartz, silicon 
carbide, alumina and zircon - was undertaken in order to select a suitable 
substitute for the pulverized fuels for use in accelerated erosion tests. 
A study of the influence of particle parameters on erosion rate established 
that the . effects of these parameters corresponded reasonably well with those 
predicted by the theoretical models of erosion. The particle size exponents 
obtained in this study are in close agreement with those predicted 
theoretically and the particle density exponent supported the value of 1.20 
predicted by the quasi-static model of erosion. The range of velocity 
exponent values obtained encompassed those predicted by both the dynamic model 
of erosion (n = 3.2) and the quasi-static model (n = 2.4), and were comparable 
to the values obtained by other researchers. A definite velocity 
exponent-particle size dependence was observed for quartz and silicon carbide, 
with the exponent decreasing as particle size increased. This dependence may 
be expressed by a relationship of the form n = qo-P. 
The erosive characteristics of the pulverized fuels could not be predicted in 
terms of particle size distribution and X-ray diffraction analysis alone, and 
hence an investigation of the single impact damage was undertaken. The actual 
damage created by the abras i ve media was examined by means of lineal analysis 
of the single particle impact sites. It was demonstrated that the range of 
damage sizes produced by any one abrasive is an order of magnitude larger than 
the range of particles sizes, a phenomenon which is thought to be the result 
of particle orientation effects. The results of the single impact study 
established that only the largest particles are important contributors to the 
total volume of target material that is removed. 
The selection of 115 JJm diameter quartz as the most suitable substitute for 
the pulverized fuels for use in accelerated erosion tests was based upon 
consideration of both the particle parameters and the damage parameters. The 
quartz produced erosion rates that were greater than that of the pulverized 
fuels by factors of 21 to 100 when considering a particle velocity of 35 ms-1. 
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CHAPTER 1 INTRO{lJCTION 
Pneumatic conveying is a widely used technique for transporting pulverized 
coal in power stations . Pulverized coal can be a particularly erosive 
material and a well - known prob l em in power stat i ons is t he wear assoc i ated 
with the many ri ght- ang l ed bends t ha t a r e common in pneuma t ic con veying 
systems. 
Ceramics have gain ed acceptance as lining ma terials to comba t thi s erosive 
wea r and it is necessary to have an increas ed understanding of the erosion 
mechanisms of t hese materials when evaluating their relative merits and when 
comparing t heir performance under the conditions thought to pertain to power 
s t ations. 
It is well known t hat homogeneous ceramic materials erode predominantly by 
brittle fracture but that plastic deformation also occurs and plays an 
important role. The more recent analyses of brittle erosion have encompassed 
the concepts of elastic-plastic deformation into the erosion models. Both the 
models which are now generally accepted are based on single impact events and 
were developed for materi a 1 s under idea 1 i zed conditions. Oespi te differences 
i n the inital underlying assumptions, both models relate erosion rate to 
particle velocity, pa rticle size, particle density, target fracture toughness 
and target hardnes s . Be fore any assessment of the usefulness of various 
lin i ng mat erials fo r combatting erosion in pulverized fuel pipelines can be 
made , it was neces sary to investigate the validity of the erosion models, to 
characte ri ze a few of t he t ypical pulverized coals and to select a suitable 
abrasive t o re pl ace the pulverized coal for accelerated erosion tests. 
Accordi ngly, a number of objectives were pursued in this investigation. 
(i ) Since the present research was not concerned with the candidate 
materials themselves, the influence on the erosion rate of the particle 
parameters only, were dealt with. Glass microscope slides were used as 
the target material throughout the testing, thus eliminating the 
influences of target parameters on erosion rate. Several abrasive 
media - quartz, silicon carbide, alumina and zircon - were employed. 
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(ii) It would be unrealistic to test the candidate materials with pulverized 
coal under the conditions prevailing at the power stations, viz. 
velocities of 15 to 30 ms-1 and angles of impingement of less than 45°, 
since measureable weight losses would not be obtained within a 
reasonable time scale. Hence, accelerated testing would be required 
and therefore the influence of velocity and angle of attack on erosion 
rate was investigated using pure abrasives and higher velocities (25 to 
55 ms-1) as well as angles of 90°. 
(iii) The pulverized fuels were characterized in terms of their erosion 
rates, bulk mineralogical compositions and particle size 
distributions. The selection of a suitable replacement for the 
pulverized fuels was based upon a comparison of the erosive 
characteristics of the pulverized fuels with those of quartz, silicon 
carbide, alumina and zircon particles. 
(iv) Finally, since the models of brittle erosion pertain to single impact 
events, the possibility of determining the volume of material removed 
by a particular particle type by analysis of the single impact events, 
was investigated. 
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CHAPTER 2 A REVIEW OF EROSION BY SOLID PART ICLES 
The erosion behaviour of a brittle material was studied in order to assess the 
effect of impact parameters and particle parameters on solid particle wear. 
In addition, the validity of the elastic-plastic models of erosion was 
investigated. Since solid particle erosion is thought to be a discrete, 
accumulative process, it was also considered important to understand the 
single impact event as well as multiple particle effects. 
The above-mentioned issues, which are relevant to the present investigation, 
will be addressed in the sections which follow. 
2.1 THE IMPACT PARAMETERS 
2 .1.1 Velocity 
Investigations of the effect of velocity on erosion have al 1 
yielded a relationship of the form 
E CA. constant . vn (1) 
where E = the erosion rate 
V = the impacting particle velocity 
n = the velocity exponent 
Evans et al (1978) and Evans (1979) have both derived expressions 
for a critical threshold velocity (Ve) below which fracture does 
not occur. Both expressions predict a reciprocal dependence on 
target hardness, particle size and particle density and a direct 
dependence on the fracture toughness of the target. Al though the 
expressions determine a threshold velocity for the occurrence of 
radial fracture (responsible for strength degradation), it is 
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reasonable to assume that lateral fracture (responsib l e for 
material removal) would exh ibit the same dependencies . However, 
as stated by Evans , results supporting the equat ions are sparse 
and much additional study is needed in order to fully comprehend 
the threshold . 
2. 1.2 The Velocity Exponent 
The velocity exponents of brittle materials generally range from 
2 to 3 although both higher and lower ex ponents have been 
reported (Table 2.1). 
TABLE 2.1 Summary of Particle Velocity Exponents from Literature 
TARGET PARTICLE PARTICLE SIZE VELOCITY ANGLE VELOCITY REFERENCE 
MATERIAL TYPE (JJm) (ms-1) ( u ) EXPONENT 
Fibre glass, Quartz 125 - 150 61 - 549 90 2.3 Goodwin et al 
glass (1969) 
Plate glass SiC 200 100 61 & 183 90 3 Sheldon & 
II steel- Finnie (1966a) 
shot 400 38 & 107 90 4.37 
Pyrex glass Al203 30 28 - 65 90 2.2 Sargent et al 
Al203 10 58 - 84 90 2.7 (1979) 
Soda lime 
silica glass SiC 150 37 - 94 90 2.5 Wiederhorn & 
Hockey (1983) 
Vitreous 
silica SiC 150 37 - 94 90 2.9 
PPG fl oat glass- 3000 - 90 2.3-2.7 Kirchner & 
glass at spheres Gruver (1978) 
44Qu - 77QuC 
MgF2, Si3N4 Quartz, 10 - 1000 61 - 275 - 3.2 Gulden (1981 ) 
SiC 
Al203, steel Si02,SiC 172, 80 40, 46 - 3.0 Dimond et al 
(1983) 
HP SiC Al203 130 108 - 151 40 1.2 Routbort & 
HP SiC Al203 130 108 - 151 90 1.8 Scattergood 
HP SiC Al203 270 108 - 151 40 1. 7 (1980) 
HP SiC Al203 270 108 - 151 60 1.5 
HP SiC Al203 270 108 - 151 90 1.5 
Continued/ ... 
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TARGET PARTICLE PARTIC LE SIZE VELOCITY ANGLE VELOCITY REFERENCE 
MATERIAL TY PE (p m) (ms-1 ) ( 0 ) EXPONENT 
RB Si C Al2 03 130 54 - 151 40 2.5 Routbor t et al 
RB SiC Al 203 130 54 - 151 90 2. 3 (1980b ) 
RB Si C Al2 03 270 54 - 151 40 2. 2 
RB Si C Al2 03 270 54 - 151 60 2. 2 
RB SiC Al203 270 54 - 15 1 90 2. 0 
11% Cr Steel Quartz 125 - 150 61 - 549 90 2.3 Goodwin et al 
(1969) 
11% Cr Steel Glass 125 - 150 61 - 549 90 3.4 Tilly & Sage 
sphere (1970) 
11% Cr Steel Diamond 61 - 549 90 2.3 
Aluminium Glass 61 - 549 90 2.4 
a 11 oy sphere 
Aluminium Diamond 61 - 549 90 2.3 
a 11 oy 
Silicon Al203 23, 37, 130 & 32 - 151 90 3.4 Scattergood & 
single 270 (23,,um) Routbort 
crystal 2.6 (1981) 
(170pm) 
MgF2 Quartz 10 - 385 15 - 343 90 4 Gulden (1979) 
RB Si3N4 Quartz 
(high 
10 - 385 15 - 343 90 4 
veloc.) 
HP Si3N4 SiC 10 - 385 15 - 343 90 4 
HP Si3N4 Quartz 10 - 385 15 - 343 90 1 
GB Al203 Quartz 10 - 385 15 - 343 90 1 to 3 
MgO SiC 200 and 100 61 & 183 90 2.74 Sheldon & 
Graphite SiC 200 and 100 61 & 183 90 2.69 Finnie (1966a) 
Al203 SiC 200 and 100 61 & 183 90 2.62 
MgO Steel- 400 38 & 107 90 2. 73 
shot 
Graphite Steel- 400 38 & 107 90 2.67 
shot 
Silicon SiC 38 100 90 3 Marshall et al 
single ( 1981) 
crystal 
95 % Al203 SiC 150 10 - 100 90 2.8 Wiederhorn & 
castable Roberts (1976) 
refractory 
MgO SiC 150 37 - 94 90 2.2 Wiederhorn & 
Sapphire SiC 150 37 - 94 90 2.3 Hockey (1983) 
Sintered SiC 150 37 - 94 90 2.3 
Al203 (30pml 
HP Alz03 SiC 150 37 - 94 90 2.3 
(3-4pm) 
Si SiC 150 37 - 94 90 2.9 
Continued/ ... 
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HP SiC SiC 150 37 - 94 90 1.8 Wiederhorn & 
HP Si3N4 SiC 150 37 - 94 90 2.1 Hockey (1983) 
Castable SiC 150 15 - 50 90 2.3-3 . 9 Wiederhorn 
refractories et al (1977) 
Mild steel 
Mild steel 
Si nt ered 
Al umina 
HP Al203 
HP Al203 
HP Si3 N4 
HP Si3N4 
Cemented WC 
Quartz 100 20 45- 90 3. 5 Raask (1969) 
Glass- 100 20 45 -90 3. 5 
spheres 
Si C 150 30 - 200 90 2.4 Hockey et al 
15 2.6 (1978) 
SiC 150 30 - 200 90 1.9 
SiC 150 30 - 200 15 2.0 
SiC 150 30 - 200 90 2.0 
SiC 150 30 - 200 15 1. 7 
Coal 18 100 90 3.5 Shetty et al 
slurry (1982) 
The velocity exponent does not appear to be influenced in any 
consistant way by the composition and microstructure of the target 
material or by the nature of the impacting particle. Castable 
refractories [Wi ederhorn et al ( 1977)] exhibit the same range of 
velocity exponents as do dense, homogeneous ceramics [Hockey et al 
(1978)], and hot pressed silicon carbide, whether impacted with 
Al203 particles [Routbort and Scattergood (1980)] or with SiC 
[Wiederhorn and Hockey (1983)], has a velocity exponent of 1.8. 
By contrast, independent researchers have obtained significantly 
different velocity exponent values for the ta rget/pa rticle system 
HP Si3N4/SiC (see Table 2. 1). It is thus evident that caution 
should be exerci sect when comparing the ve 1 oci ty exponent va 1 ues 
obtained by different researchers, since interlaboratory 
differences in experimental technique are 1 ikely to affect the 
determination of velocity exponent values. 
(i) Variation in the value of the velocity exponent 
Several suggestions have been put forward as to why the 
value of the velocity exponent is not 2.0, as suggested by 
arguments based on kinetic energy. As shown in Table 2.1, a 
wide range of velocity exponent values have been obtained 
experimenta 1 ly. 
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In the case of th e fol l owing target/ particle systems: 
hot-pressed Si C/Alz03 [Routbort & Scattergood (1980)] 
hot- pressed SiC/SiC [Wiederhorn & Hockey (1983 )] 
hot-pressed Si3N4/quartz [Gulden (1979)] 
glass - bonded Alz03/quartz [Gulden (1 979)] 
velocity exponents lov.,ter th an 2 were obtained, which could 
be exp lained neither in terms of the existing eros ion models 
nor in terms of postulates based on kinetic energy. 
Routbort and Scattergood ( 1980 ) suggested that, in the case 
of hot-pressed SiC, weak grain boundaries requiring less 
momentum and energy transfer in order to remove material 
were present, thus lowering the velocity exponent values. 
Similarly, Gulden ( 1979) explained the experimental va 1 ues 
of velocity exponent in terms of microstructure. 
Hockey et al (1978) suggested that the differences between 
experimental and theoretically predicted values of velocity 
exponent were the result of the assumptions made by Evans et 
al ( 1978) and Ruff and Wi ederhorn ( 1979) when predicting the 
amount of material removed by an impact. They assumed that 
the maximum amount of material removed per impact was 
proportional to Cr2h (see also Section 2.5), where Cr is the 
length of the radial cracks (which are proportional to 
length of the lateral cracks) and h is the depth to which 
l atera 1 cracking occurs . According to Hockey, however, the 
prediction does not take into account the following: 
i) not all the particles striking the target surface may 
cause material removal. 
ii) The impacting particles may not cause the same amount 
and type of damage. 
iii) Particle velocity and orientation on impact and the 
condition of the target surface as erosion progresses, 
may vary, thus influencing material removal mechanisms 
and hence the velocity exponent value may also be 
affected. 
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Scattergood and Ro utbort (1981) who found that the velocity 
exponent value i nc reased as particle size decreased , could 
not explai n th e phenomenon but suggested that t here mi ght be 
a change i n erosi on mechan i sm , or , alternat ively , a change 
in partic l e or erosi on surface morp hol ogy . 
(i i) The ef fec t of an gl e on the velocity exponent 
There is some con t ro versy as regards t he effect of ang l e on 
the va l ue of t he velocity exponent . Ro utbort et al (1980b) , 
in vest i gat i ng t he effect of impacti ng reaction - bon ded SiC 
with ang ular Al203 parti cles, report ed that t he vel oci ty 
exponent did not appear to vary in any consistent manner as 
the angle was altered. Sheldon and Kanhere (1972), howeve r , 
stated that higher velocity exponent values wo uld be 
obtained at 20° than at 90°. (The authors obtained velocity 
exponent values of 2.83 at 20° and 2.41 at 90° for annealed 
aluminium alloys impacted with glass shot). It should, 
however, be borne in mind that a brittle and a ductile 
material are being compared and that this could account for 
the differing results. 
(iii) The effect of particle size on the velocity exponent 
Goodwin et al (1969) impacted 11 per cent ch romium stee l 
with quartz particles ranging in size from 25 to 210~m, an d 
found that the value of the velocity exponen t (n } t ended to 
increase as the particle size increased. The reverse was 
found to be true for brittle materials e.g. silicon single 
crystals impacted with Al203 particles [Scattergood and 
Routbort (1981)] (Figure 2.1). 
23 
1.s 
In n 
o . s 
0 
6. 
0 
0 
3.0 
FIGURE 2.1 
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D [p m] 
37 130 270 
4 .0 
3 .0 
n 
2 .0 
Si 
RB-SiC 
HP-S i C 
1.0 
4 .0 5 .0 
In (D (pm]) 
The influence of Al203 particle size on the 
velocity exponent values for silicon single 
crystals [From Scattergood and Routbort (1981)] 
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2.1 . 3 The Effect of Angle on Erosion Rate 
Numerous studies have shown that erosion by a brittle mechan ism is 
characterised by a maximum erosion rate at an impact ang le of 90° 
and by a decrease in eros i on rate as the impact angle i s 
decreased. Ductile erosion, by contrast, has a max i mum erosion 
rate at 15 to 20°, wi th a decrease in erosion rate at bo th higher 
and lower impact angles (Figure 2. 2) . Most materials, however, 
undergo combined modes of erosion, and classifying material 
behaviour as either completely ductile or completely brittle is an 
over-simplification. The ero sion characteristics of a material 
are determined by the test conditions and can, for example, vary 
with particle size (see also section 2.2.2). 
w 
~ 
a: 
z 
Q 
Cl) 
0 
a: 
w 
0 
FIGURE 2.2 
90 
ATTACK ANGLE 
Schematic diagram illustrating the effect of angle on 
the erosion rate of a ductile and brittle material 
[Ruff and Wiederhorn (1979)]. 
The models of erosion developed by Evans et al (1978) and Ruff and 
Wiederhorn (1979) pertain to normal particle incidence. It has 
been suggested that the models can be extended to oblique angles 
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of impact by taking into consideration the normal component of the 
particle velocity and thus velocity, V0 , is modified to 
VO sin a where a is the angle between the target surface and the 
path of the impinging particles. Hockey et al (1978) found that 
their experimental data for hot pressed Si 3N4 agreed with the 
values predicted by Ea= E9o(sin a )n for angles up to 30u but that 
at 15u, the measured erosion rate was five times more than the 
predicted value. Routbort et al (1980b), Dimond et al (1983) and 
Shetty et al (1982) also found that the erosion rate was 
underestimated, particularly at low angles of impact. 
Sheldon (1970) plotted erosion rate, expressed as mass loss per 
mass particles (g/g), as a function of sin a , and although 
straight lines were obtained, the slopes of the lines did not 
agree with the values of the velocity exponents, n. In view of 
this, it does not appear correct to consider erosion rate 
exclusively in terms of the normal component of the particle 
velocity. Hockey et al attributed the deviation to the importance 
of a shear mechanism of erosion at low angles. 
Microscopic examination, by Hockey et al (1978), of brittle 
materials impacted by particles at low angles of impingement 
revealed the formation of shallow surface impressions (attributed 
to plastic flow) frequently elongated along the horizontal 
component of particle motion, and a decrease in the extent of 
surface cracking. 
2.1.4 The Effect of Temperature on Erosion Rate 
Since the present investigation is not concerned with the effect 
of temperature on erosion, it will only be discussed briefly. 
Although there appear to have been relatively few studies of the 
effect of temperature on the erosion rate of brittle materials, 
the results obtained by researchers seem to be essentially the 
same. 
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Wiederhorn (1979), who studied hot-pressed silicon nitride and 
polycrystalline aluminium oxide and Routbort et al (1980a), who 
studied silicon single crystals, demonstrated that the erosion 
rate of materi a 1 s was substanti a 1 ly the same at temperatures of 
500° to 1000°C as at room temperature. Hockey et al (1978) and 
Kirchner and Gruver (1978) studied the surface damage produced in 
alumina and glass respectively, at high temperatures (l000°C and 
770°C) and found that the extent of plastic deformation had 
increased despite the fact that erosion rate remained constant. 
2.2 THE IMPACTING PARTICLES 
Quartz is commonly used as the impacting particle type in erosion 
studies, since it is the major erosive component occurring in natural 
dusts, fly ash and pulverized coal. Investigators have also made use of 
angular silicon carbide and alumina particles, both of which are harder 
than quartz particles. Single impact studies have tended to use large 
spheres of glass or steel in order to facilitate the study of the 
sequence of events occurring on particle impaction. 
In the fol lowing sections the effects of several particle parameters on · 
erosion will be discussed. 
2.2.1 The Particle Size Exponent 
The erosion of brittle materials such as glass exhibits a power 
law dependence on particle size: 
E °' constant. om ( 2} 
where C' -'- - the erosion rate 
D = the impacting particle radius 
m = the particle size exponent 
Table 2.2 lists a few of the particle size exponents which have 
been reported. 
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TABLE 2. 2 Particle Size Exponents 
TARGET IMPACTHIG PAR TICLE SIZE REF ERENCE 
PARTICLE TYP E EXPONENT 
HP Si3N4 Si C 4 Gulden (1979) 
HP Si3N4 Quartz 3 
GB Al203 Quartz 3 
- Roun d part icl e 3m ' /(m '- 2) Sheldon & Finnie 
- An gular par ti cl e 3. 3m' /(m' - 2) (1966a ) (sect i on 2. 5) 
Pl at e glass Si C 4. 25 Sheldon & Fi nn i e 
Plate glas s Steel shot 5.12 (1966a) (secti on 2. 5) 
Glass Quartz 2 Sage & Tilly (1969) 
Routbort et al (1980b) found that m (the particle size exponent) 
tended to vary with velocity and angle of impact, although not in 
a consistent manner. 
2.2.2 Particle Size 
The erosion rate of brittle materials is, in theory, expected to 
increase monotonically as particle size increases and erosion 
studies commonly support this assumption (Figure 2.3). 
C 
·2 
? 
,;; 
/ G l ;a,,s at 4 20 flJ ~ 
·/ 
;· F ltt"e~l~s, at 420 '.V>cc 
I . ..----
. 
,,.,.. ...... _; __ ... , ,,_.,, ,1 e.::,o ,vs« 
r -
, r. 
· Ste"I ~t 600 tt.13ec 
l ...-"":'"J:-1-C--
! /. • 
'f /t I I 
/ 
/ 
0 .1'-----"------J 
10 1QQ 1000 
FIGURE 2.3 Influence of quartz size on erosion of different 
types of materials [Tilly and Sage (1970)] 
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lfote that for mater i als other tha n those wh i ch ar e i nhe rently 
br ittl e in na ture , th ere appea r s to be a c r i t ic al par t i cl e si ze 
ab ove whi ch er osion i s not influ enc ed by s i ze . 
Routbort and Scatte r good ( 1980 ) , howe ver, found that for 
hot- pressed s il icon carb i de impacted with 37 - 270 )-I m alu mina 
part i cles , the e rosi on rate r ema i ne d ei t her constan t, or decreased 
(Figure 2.4). The decrease in erosion rate appears to occur with 
the large r particle s i zes and also appears to be more marked at a 
lower angle of inc idence . This observation was, however, thought 
to be due to the influence of the eroded surface morphology rather 
than a part icle size effect. 
FIGURE 2.4 
MEDIA N PARTICL E DIAMET ER lfLml 
37 130 270 
I 
90' j 10- 3 40° 
l.,J ~ I- ~ 1076 mis <t a: z L 9 i V'l 0 L a: u.J 
r- ~ ' -- -·--i -~ ' e-- HOT- PRESS~~~ 90' I I ~ 
l & SiC 
\ 40' I I ' I 10-4 1 
30 40 5 0 
in [ R 1 106 (ml] 
Steady-state erosion rate as a function of the 
logarithm of the radius of impacting alumina 
particles at a velocity of 108 ms-1 and impact angles 
of 40° and 90° for reaction-bonded and hot-pressed 
silicon carbide [Routbort and Scattergood (1980)] 
Figure 2.5 illustrates the effect on erosion of reducing the 
impacting particle size from 127 }Im to 9 JJm, The plate glass 
exhibits a ductile mechanism of erosion when impacted with small 
diameter particles, displaying a maximum in erosion at an angle of 
20°. 
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In addition to max i mum erosion occurring at a low angle, the 
surface appearance of the t arget material (plate glass) also 
indicates a ducti l e erosion mechanism (Sheldon and Finnie 
(1966b)]. 
FIGURE 2.5 
0 I I I ! I 
0 10 20 30 40 50 60 70 5 0 90 
PARTICL £ A?PROACH ANGLE ex , deg r ees 
Weight removal as a function of particle approach 
angle for pl a te gl ass eroded by angular silicon 
carbide particles at 150 ms-1 [Sheldon and Finnie 
(1966b)] 
Particle size was found t o have a si gnificant infl uence on t he 
erosion of pipe bends [ Mills and Mason(19 77)] . The authors found 
that sand particles of 70 )Jill me an diamete r wore the bends into a 
pattern of steps or ridges, whereas the 230 )Jill di ameter sand 
particles produced a smooth and rounded surface (devoid of ridges 
or steps). A more important result which emerged from the tests 
conducted by Mi 11 s et al ( 1983), was the fact that the 70 )Jill 
particles removed less material (by weight) than the 230 )Jill 
particles, although the depth of penetration of the 70 )Jill 
particles was greater than that of the 230 µm particles (Figure 
2.6). 
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Marshall et al (1981) conducted a series of experiments in which 
the particle size range of silicon carbide was varied and impacted 
against single crystal silicon. They found that the rate of 
material removal was sensitive to the particle size range and thus 
it would appear that an in-service erosion rate may be seriously 
underestimated if the particle size di stri buti on employed 
experimentally is too narrow around the mean size. 
A threshold particle size (00 ), below which no erosion occurs, may 
exist, although conclusive evidence verifying this existence has, 
as yet, not been reported. 
2.2.3 Hardness 
The hardness of the particles may be expressed by Moh's scale of 
hardness, or may be determined by the Vicker's microhardness test. 
The widely held opinion that hard 
softer particles [supported by 
demonstrated by Head et al ( 1973) 
particles are more erosive than 
Raask (1969)], was clearly 
to be untrue. They eroded 302 
stainless steel and 6061-T6 aluminium with fluorite particles 
(Moh's hardness 4.0) and with alumina particles (Moh's hardness 
9.0). The fluorite particles of 70 JJm diameter were significantly 
more erosive than the alumina particles of 70 )-Im diameter. (See 
Figure 2. 7). 
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Tilly and Sage (1970) obtained one set of results which supported 
those of Raask and one set which supported those of Head et al 
(Figure 2.8). 
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\.Jhen the three particle types, diamond (M oh' s hardness 10.0), 
quartz (Moh's hardness 7.0) and glass (softer than quartz) were 
impacted against an aluminium alloy, the glass appeared to be more 
eros ive than the quartz. It is thought that the degree of 
fragmentation and hence the amount of secondary erosion occurring 
in the glass part i cles is greater than that of the quartz 
particles . This result supports the results obtained by Head et 
al (1973). Alternatively, the results obtained wh en the three 
partic le types were impacted against an 11 per ce nt chromium steel 
support the results obtained by Raask (1969) who compared the 
erosiveness of quartz and glass when impacted against a mild steel 
target. It is thus important that the relative hardness of the 
target materials be known when comparisons of this nature are 
made, si nee target hardness may influence the fragmentation and 
erosive ability of the impacting particles. Furthermore, Head et 
al (1973) did not take into account the difference in shape of the 
impacting particles. The alumina particles are angular in shape, 
whilst the fluorite particles are rhomboidal in shape. It is 
likely that , although the fluorite particles have a low Moh's 
hardness value (4.0), their erosive ability will be positively 
influenced by their shape. In addition, the angle at which the 
particles struck the target should be borne in mind since 
fragmentation is reported to be influenced by impingement angle. 
( Raask ( 1969) conducted his tests at an angle of 45°, whereas 
Tilly and Sage (1970) used an angle of 90°). See Figure 2.9. 
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It would appear that angular particles are potentially more 
erosive than rounded particles, and thus Dimond et al (1983) feel 
that a term reflecting the shape of the particles (which by 
infe rence is r e l ated t o the i r hardness) should be i ncl uded i n t he 
eros i on mode l s . 
2.2 . 4 Ae ro dy namic Effect s 
The aerodynamic beha viour of partic l es is important , si nee both 
the veloci ty and ang l e of i mpact may be in fluenced by t his 
behaviour . Till y (1 969 ) stud i ed the influence of ai r fl ow on the 
traj ect ori es of pa rticl es rangin g in si ze fr om 5 to 60 ,u m and 
concluded that parti cles greater than 20JJm in size were virtually 
undeflected by the airflow, whereas smaller particles (5 µ m) 
i mpacted the target material at modified angles and velocities, or 
failed to strike the target at all. 
2.2.5 Particle Fragmentation 
Tilly and Sage ( 1970) studied the damage incurred by 3000 JJ m glass 
spheres, which, on striking the steel target at a normal angle of 
incidence, disintegrated and · glass fragments flowed across the 
surface in a radial wash at a speed of 1.7V0 (where V0 represents 
the inital impact velocity). At higher (unspecified) impact 
ve l ocities, the particle fragments may be radially ejected at 
velocities up to four times the initial velocity of the particles 
[Uuemois and Kleis (1975)]. 
Tilly and Sage (1970) also found that the radial scarring produced 
by the glass spheres was very simi 1 ar to the damage produced by 
irregular quartz particles impacting against both ductile and 
brittl e materials. 
Tilly and Sage (1970) report that the extent of particle 
fragmentation increased with increasing particle size and with 
increasing impact velocity. No fragmentation appeared to occur 
for particles smaller than a certain threshold size, which, in the 
case of quartz, is 10 to 20,um. 
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Contrary to expectation, fragmentation also occurs in materials of 
greater hardness (and strength) than quartz particles. See Figure 
2 .11. 
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2.2 . 6 Particle Concentrati on 
Although part i cle concentration is often interpreted as 
"percentage content by weight or volume of part icl es in a gaseous 
or fluid stream " [Uu emois and Kleis (1975)], it i s more accurately 
described by a rel ationship of the form: 
(/J= G (4) [Uuemois and Kleis (197 5) ] 
F.t 
where q; = particle concentration (g.cm2s ) 
G = the mass of impacting particles ( g) 
F = the area of wear (cm2) 
t = the duration of the test ( s) 
The authors found that for small particles (< 30 JJm), an increase 
in particle concentration had no effect on erosion rate, whereas 
for larger particles an increase in concentration (from 2 to 
200g/cm2s) led to a decrease in erosion rate for metals, alloys 
and ceramic materials. 
The effect of particle concentration on erosion is primarily due 
to the increased probability of collision between the incident and 
rebounding particles as particle concentration is increased. The 
velocity and angle of impingement of the inc ident particles also 
tend to be influenced. 
Uuemois and Kleis (1975) also concluded that the effect of 
particle concentration was dependent upon particle velocity, e.g. 
at 165 ms-1 the influence of concentration is 2.1 times greater 
than at 56 ms-1. They also found that the concentration effect 
tended to be greater at the hi gher angles of particle 
impingement. Most investigators [eg. Tilly and Sage (1970)] found 
that particle concentration has little or no effect on erosion 
rate. Uuemois and Kleis (1975) attributed this to the fact that 
the ranges of particle concentration used result in negligible 
concentration effects. 
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11ills e t al (1983) found that a l arge increase in part i cl e 
concentration l ed ei th er to a decrease in the mass eroded, or had 
no effect . However , i t was found that partic l e concentration had 
a significant effect on the rate of penetration . As particle 
concentration increased , the depth of penetrati on by the particles 
i ncreased , and the refore the amou nt of mate ri al wh i ch could be 
sent t hrough a be nd before fa il ur e occurred , would decrea se as 
particl e concentrat i on increased . 
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2.2.7 Synergistic Effects 
Although the impacting particles used in erosion tests are usually 
pure and dry, in practice the particles are generally impure , and 
contain moisture. Small percentages of Ca(OH)2 and water present 
in abrasives acted as effective intensifiers of the erosive wear 
of metals and alloys [Uuemois and Kleis (1975)]. However, with 
hard and high strength materials such as ceramics, the influence 
of impurities on erosion was found to be either very low, or to 
result in less damage . 
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Routbort et al (1980a) conducted a series of experiments using 
mixtures of 37 µm and 270 JJ nl Alz03 particles in order to determine 
a "rule of mixing" for erosion . Their results showed positive 
deviations from the results predicted for a linear "rule of 
mixing". (See 
FIGURE 2.13 
Figure 2. 13) . 
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2.3 TARGET CHARACTERISTICS 
2.J.1 Hardness and Fracture Toughness 
Hardness (H) and fracture toughness (Kc) are the critical material 
parameters governing erosion. However, since their influence on 
erosion rate was not investigated in the present study, they wi l l 
only be briefly discussed in the present section. 
Hardness represents the resistance of the target material t o 
plastic flow and fracture toughness represents its resistance to 
fracture. 
Since fracture toughness and hardness are determined by the 
inherent properties of the target material, they cannot be varied 
independently, and are thus compared with the erosion models in 
a combined form. Evans et al (1978) investigated the effect of 
hardness and fracture toughness on the erosion rate of several 
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target materials. They impacted the target materials with 115pm 
quartz particles at velocities less than 200 ms-1 and plotted the 
volume of material removed as a function of Kc4/3 Hl/4 and 
found a direct, albeit non-linear, correlation, suggesting that 
erosion rate may not be defined uniquely by fracture toughness and 
hardness. Wiederhorn and Hockey (1983) impacted 150 JJ m SiC 
particles against a number of materials which had widely differing 
fracture toughness and hardness values. The authors compared the 
experimentally obtained data with the dynamic [Evans et al (1978)] 
and quasi-static [Ruff and Wi ederhorn (1979) J models of erosion 
and it appeared that the data compared more favourably with the 
dynamic model. By means of dimensional analysis and multiple 
regression analysis, the authors obtained the following expression 
for erosion rate:-
E o(. constant Kc-1.9 H+0.48 (5) 
Erosion rate appears to exhibit a greater dependence on the 
parameters Kc and H than suggested by either of the 
elastic-plastic response regime models. 
Most erosion theories predict a decrease in erosion rate as the 
hardness increases. The authors explain their positive hardness 
exponent as follows. Hardness determines both depth of 
penetration and the maximum load during impact and the penetration 
and 1 oad tend to oppose one another. The authors suggest that 
hardness affects the 1 oad terms to a greater extent than the 
penetration terms, as suggested by the quasi-static erosion 
model. (H+0.11). 
The fracture toughness exponent may be due to the effects of 
target microstructure or the orientation of the particles on 
impact. It is generally assumed that the particles strike the 
target with their sharp corners, that each impact event results in 
geometrically similar damage and that resultant cracks propagate 
to the surface. This, however, is not true, since the particles 
may strike the target in any orientation and only a fraction of 
the impacting particles effectivly remove material. The tougher 
the material, the fewer the impacts resulting in material 
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removal. It appears [Hockey and Wiederhorn (1979)] that hardness 
and fracture toughness are unaffected by increases in temperature. 
2.3.2 Microstructure 
The mi crostructure of the target material may greatly influence 
the erosion behaviour of a material. For example, Wiederhorn and 
Hockey (1983) and Hockey et al (1978) found that grain size 
affected erosion rate. Hot-pressed Al203 has a grain size of 3 to 
4 µm (smaller than the lateral cracks which form on particle 
impact), and thus, the lateral cracks interact with many grains, 
and their propagation is resisted by the grain boundaries, whilst 
with polycrystalline Al203 which has a 30 }Jm grain size, the 
lateral cracks are contained within one grain. 
Wiederhorn and Hockey (1983) found that MgO had an anomalously 
high erosion rate relative to the other materials tested, since 
the impact damage incurred by this material was different. The 
MgO appeared to crack along the grain boundaries, forming loosely 
connected aggregates of grains which were readily removed on 
subsequent particle impacts. 
Besides the influence of grain size on erosion, porosity also has 
an effect on the response of the target material to particle 
impact. Pores tend to inhibit the propagation of cracks through a 
blunting mechanism. 
2.4 IMPACT DAMAGE IN BRITTLE MATERIALS 
Comprehensive investigations have been made of the sequence of events 
taking place when brittle materials are damaged by either spherical or 
angular particles. Oyna!1)iC solid particle studies were conducted by 
Evans and Wilshaw (1979), Knight et al (1977), Chaudhri and Brophy (1980) 
and Chaudhri and Walley (1978). Swain and Hagan (1976), Evans and 
Wilshaw (1976) and Lawn and Fuller (1975) followed the sequence of crack 
formation and propagation in materials which had been indented with 
either spheres or Vickers indenters. The table below summarizes the 
target materials and particle types employed in the above-mentioned 
investigations. 
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TABL E 2.3 Target materials and particle types used in a few investigations 
of the sequence of events taking place in impacted materials 
NATURE OF TEST TARGET MATERIAL PARTICLE TYPE PARTICLE REFERENCE 
DIAME TER 
Dynamic solid ZnS Nylon, glass 1 mm Evans & Wilshaw 
particle damage spheres (1979) 
Dynami c sol id Borosilicate and Steel spheres 0.8-1 mm Knight et al 
particle damage soda lime glass ( 1977) 
Dynamic solid Fused silica Spherical WC 1 mm Chaudhri & 
particle da mage Conical WC Apex Brophy (1980) 
radius 
5 mm 
Dynamic solid Borosilicate and Glass spheres 1 mm Chaudhri & 
particle damage soda lime glass Steel spheres ~~ alley ( 1978) 
Indentation Various glasses WC spheres 0.39-lmm Swain and Hagan 
damage Diamond spheres 0.40 mm (1976) 
Indentation A range of Spherical WC - Evans & Wilshaw 
damage materials with Vickers 
-
(1976) 
differing hardness indenter 
and Kc values 
Indentation Soda lime fl oat WC cones - Lawn and Fuller 
damage glass WC spheres 
-
(1975) 
These studies have elucidated two charateristic forms of impact fracture 
damage which may be summarised as follows: 
2.4.1 Fully Elastic Response 
In this system the target material (eg. ZnS) is hard relative to 
the highly deformable impacting particle (eg. nylon sphere , water 
droplet). Plastic deformation is not detectable and short 
circumferential surface cracks are observed outside the central 
undamaged zone. As di stance from the central zone increases, the 
length of the cracks increases and the density of cracks 
decreases. The cracks are usually inclined at 50° to the 
surface. Additional cracks, approximately parallel to the 
surface, have also been detected. 
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2.4.2 Elastic-plastic response 
This type of damage pertains to relatively hard spherical and 
angular particles, and both single and multiphase target 
materials. The morphology of the damage can be divided into two 
groups, depending on whether the particles are classified as 
"blunt" or "sharp". Impact with "sharp" particles is 
characterised by a central deformed zone (often indistinct or lost 
due to chipping of the contact area) which is the point of 
contact between the particle and target. Associated radial and 
lateral cracks (Figures 2.14 and 2.15 respectively) propagate away 
from the central zone. 
(a) 
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The radial cracks extend outward from the damage crater and are 
generally perpendicular to the suiface. The lateral cracks, which 
also extend from the central zone, run on planes approximately 
parallel to the surface. Material loss from the surface occurs 
when the lateral cracks extend to form surface chips. This type 
of damage has been observed by numerous researchers such as Ritter 
et al (1985), Gulden (1979 and 1980) and Evans et al (1978) during 
the impact erosion testing of a variety of target-particle 
systems. Hockey et al (1978) and Hockey and Wiederhorn (1979) 
have pointed out that the damage morphology is analagous to that 
produced quasi-statically in brittle materials using "sharp" 
indenters, eg. the Vickers diamond pyramid. The sequence of 
events for an indentation cycle is illustrated by Figure 2.16 
[Lawn and Marshall (1978)]. 
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FIGURE 2.16 Evolution of median/lateral crack system during one 
loading (+) and unloading (-) cycle. Dark regions 
represent the plastic zone. Point-loading and 
residual stress fields indicated in (a) and (f) 
respectively [Lawn and Marshall (1978)] 
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The sequence of events is: 
(a) The tensile field peaks directly below the indenter point 
where the greatest concentration of deformation and elastic-
plastic constraint occurs. 
(b) One or more flaws grow into subsurface penny-1 ike cracks 
which are called median cracks. 
(c) Increased loading expands the contact area, driving median 
cracks downwards and outwards. At peak loading, the median 
cracks break through to the specimen surface ("pop-in"), the 
compressive hoop stresses no longer containing the expanding 
pennies. 
(d) As unloading begins, the walls of the median cracks begin to 
move together, fracture debris and residual tension 
preventing total closure. A "hoop" tension develops in the 
near surface region, allowing the poorly deve 1 oped pennies 
(radial cracks) to develop into near-symmetrical, stably 
propagating half-pennies centred on the contact point. 
(e) During unloading, residual stresses at the point of contact 
set up a system of saucer-shaped 1 ateral cracks which run 
parallel to the surface. 
( f) Lateral cracks continue to grow and may intersect with the 
free surface, thus a 11 owing a chip of material to be 
removed. Note: a well-deve l oped radial crack wi 11 tend to 
inhibit the format i on of well-deve l oped 1 ateral cracks and 
vice versa. 
In the case of "blunt" particles, the contact between the particle 
and target is exclusively elastic and Hertzi an cone cracks are 
formed. The sequence of events for an indentation cycle is 
illustrated in Figure 2.17 [Lawn and Marshall (1978)]. 
(a ) 
( b ) 
( C ) 
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FIGURE 2.17 Evolution of a cone crack during one complete 
loading (+) and unloading (-) cycle. Stress field 
indicated in (a) [Lawn and Marshall (1978)] 
The sequence of events can be described as follows: 
(al The sphere subjects surface flaws to increased tensile 
stress outside the expanding contact circle. 
(bl An unstable flaw propagates aroun d the contact, forming a 
surface ring crack, in conjunc t ion with downward growth. 
( c) The crack continues to grow downward, avoiding the 
compressive zone. 
(ct) A full cone crack develops. 
(el The cone crack continues its extens i on. 
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( f) On unloading, the cone crack attempts to close in order to 
recover stored elastic and surface energy, but is prevented 
from doing so completely as a result of mechanical 
obstruction at the interface. 
As the contact load increases above a level determined by the 
hardness of the target material, plastic deformation occurs 
beneath the contact zone and radial cracks normal to the impact 
surface form [Swain and Hagan ( 1976), Chaudhri and Brophy ( 1980) 
and Evans ( 1979) J. During unloading, a system of lateral cracks 
forms and these radial and lateral cracks are identical to the 
crack types formed when impact by a "sharp" particle takes place. 
The transition from fully elastic crack formation to elastic-
plastic indentation occurs when the radii of curvature of the 
particles decrease below a critical value, Re. (Figure 2.18). 
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The initial fracture caused by a particle of a size greater than 
Re is completely elastic, whilst that by a particle smaller than 
Re is elastic-plastic in nature. The value of Re can be 
determined by the expression [Evans and Wilshaw (1976)]: 
where B1 = a constant dependent upon fracture toughness 
(and sometimes on pre-existing surface flaw size) 
B2 = a constant 
E = Young's Modulus 
k = a constant 
H = target hardness 
2.4.3 Plastic Deformation 
As early as 1966 Sheldon and Finnie (1966b) noted that plastic 
deformation could occur in nominally brittle materials. Since 
then, several researchers [eg. Gulden (1979) and Hockey and 
Wiederhorn (1979)] have observed plastic deformation as well as 
cracking of brittle target materials. It is now recognised that 
plastic deformation plays an important role in the erosive wear of 
brittle materials. Radial and lateral cracks form as a result of 
stresses caused by the plastic deformation at the impact site and 
the models of erosion are based on a characterization of the 
plastic processes occurring during impact. The model elucidated 
by Evans et al (1978) places more emphasis on dynamic effects, 
with the plasticity effect playing a secondary role, whereas in 
the model proposed by Wiederhorn and Lawn (1979), the plastic 
processes play the important role. 
Hockey and Wiederhorn (1979) found that the extent of plastic 
deformation and the morphology of the cracks were dependent upon 
the crystal structure of the impacted material. In MgO, which is 
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ionically bonded, extensive deformation occurred at the impact 
sites with the cracking always confined to the plastic zone. In 
the case of Si and Ge, which are covalently bonded materials and 
more brittle than MgO, plastic deformation was confined to the 
vicinity of the impact site and cracks propagated some distance 
into the crysta 1. Si C and Al 203, which have both ionic and 
covalent bonding, displayed an intermediate type of behaviour, 
with the extent of deformation about twice the size of the 
residual plastic impression and the cracks extending beyond the 
deformation zone. 
2.5 MODELS FOR THE EROSION OF BRITTLE MATERIALS 
Three models of erosion which have been developed for brittle materials 
will be discussed in the following section. The models assume that the 
impinging particles strike the target surface at a normal angle of 
incidence, and that erosion rate is the result of a direct summation of 
the volume of material removed per impact. 
2.5.1 The Sheldon and Finnie Model 
Sheldon and Finnie (1966a) predicted that the volume of matedal 
removed during erosion processes was: 
where 
(7) 
E = erosion rate (the volume of material removed) 
K = a constant involving material properties 
R = the radius of the impacting particle 
V = the velocity of the impacting particle 
m = 3m'/(m'-2) for spherical particles, or 
3.6m 1 /(m 1 ~2) for angular particles 
n = 2.4m 1 /(m 1 -2) for both spherical and angular particles 
m' = the flaw parameter of the Weibull fracture strength 
distribution 
The authors tested a variety of brittle materials (glass, 
graphite, alumina, magnesium oxide) using both angular silicon 
carbide particles and spherical steel shot and the results yielded 
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erosion rates in genera l agreement with the above equation. 
Sheldon (1970) found reasonably good agreement between the 
theoretical and experimental values of K, the materia ls constant 
involving Young's Modulus. 
2.5.2 The Evans, Gulden and Rosenblatt Model 
Evans et al (1978) analysed the impact damage in brittle materials 
in the elastic-plastic response regime by means of postulates 
based on impact dynamics and basic fracture mechanics concepts. 
The two damage characteristics of greatest import in their model 
are the maximum radial crack extension, Cr, and the maximum depth, 
h, at which extensive lateral fracture occurs. 
(a) The radial or conical cracks 
The lengths, Cr, of the largest radial or conical cracks were 
found to be proportional to the impression radius, a (Figure 
2.19). 
:3000 .... 
I 
2000 ~ 5 --v· 1000 ~ 
<.) 
J 
d 
t.. 500 <.) 
d 
-0 :300 ~ ~ 200 
100 
80 100 150 200 250 
impression radius, a/µm 
FIGURE 2.19 A comparison of the radial crack length for dynamic 
and quasi-static penetration in ZnS and MgF2 [Evans 
et al (1978)] 
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It was noted that the cracks formed dynamically were longer than 
those obtained quasi-statically for equivalent impact radii. The 
radial crack extension was estimated using dynamic analysis in 
conjunction with experimental data, thus yielding the expression 
where Cr = length of largest radial or conical crack 
;t = a weak function of the impedance and density variables 
Rp = the radius of the impacting particle 
Yo = the velocity of the impacting particle 
Kc = the fracture toughness of the target material 
The impact damage data for a range of impacting particles (both 
spherical and angular) and various target materials, indicated 
that particle shape and density, as well as the hardness of the 
target material were of secondary importance. Important 
parameters were, as predicted by equation (8), found to be the 
particle radius and velocity and the fracture toughness of the 
target material. 
(b) The lateral cracks 
The maximum depth at which significant lateral fracture could 
be detected was found to relate directly to the impression 
radius (Figure 2.20). 
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FIGURE 2.20 The variation in the depth of lateral fracture, h, 
with the impression radius, a, for ZnS impacted by a 
variety of projectiles. • 400 }Jm, WC; •, 1000 }Jm 
WC; o, 1000 ,im glass; o, 350 - 370 ,im glass. [Evans 
et al (1978)] 
The damage data for a range of target and particle materials were 
expressed in the form 
(9) [Evans et al (1978)] 
where A' = a constant ("' 3.5) 
Rp = particle radius 
h = depth of lateral fracture 
Vo = particle velocity 
Pp = density of the impacting particle 
H = hardness of the target material 
Experimental data gave good quantitative agreement with the above 
expression. 
The authors assumed that the multi-particle erosion of brittle 
materials is a direct summation of the material removal per 
impact and that the amount of material removed is some fraction 
of the volume of material encompassed by the zone of lateral 
fracture. Therefore, the maximum amount of material which could 
be removed by an impact is: 
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V ~ nCr2h (10) 
Substituting for Cr and h with equations (8) and (9) respectively, 
yields 
E °' y0 19/6 Rpll/3 Ppl9/12 Kc - 4/3 H- 1/4 
or , alternatively , 
Ed-. y0 3.2 Rp3 .7 Pp0 . 25 Kc-1. 3 w0 . 25 
2.5.3 The Ruff and Wiederhorn Model 
(1 la) 
( ll b) 
Wiederhorn and Lawn (1979) assumed that all the kinetic energy of 
the impinging particle is dissipated in an irreversible 
plasticity process, such that: 
Pm= Hl/3 m 2/3 v0 4/3 (12) 
where Pm= the maximum impulsive load delivered to the target 
surface by the impacting particle 
H = hardness of the target material 
m = the mass of the impacting particle 
V0 = the particle velocity 
By substituting Pm into the expression 
F /R3/2 = f3 R Kc (13) 
where F = impulsive 1 oad 
R = base radius of cone crack 
/!> R = empirically determined constant 
Kc = fracture toughness 
With further substitution they obtained the relationship: 
where Cr= length of largest radial or conical crack 
m = mass of the impacting particle 
H = hardness of the target material 
V0 = the particle velocity 
Kc= the fracture toughness of the target material. 
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As in the mode 1 proposed by Evans et a 1, Ru ff and Wi ederhorn 
(1 979) assume t hat the lateral crack size is proportional to the 
r ad i al crack si ze , and that the depth of 1 a tera 1 crack i ng is 
pr oport i onal to t he max i mum part i c l e penetration , i .e .: 
h c< ml/3 y0 2/3 wl /3 ( 15 ) 
and thus the following expression for erosion rate is obtained : 
E o1.. V 22/9 R 11/3 p 11/9 K -4/3 Hl/9 (16a) 0 p p C 
or, alternatively, 
Dimond et al (1983) and Gulden (1981) assessed the validity of the erosion 
models proposed by Evans et al (1978) and by Ruff and Wiederhorn (1979) and 
found that their experimental data fit the models equally well. 
Although the factors influencing solid particle erosion have been discussed 
separately in this chapter, it is important to realise that the variables 
i nteract and affect the relative importance of other parameters . 
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CHAPTER 3 EXPER IMENTAL METHODS 
Erosion t ests at room t empe r at ur e were perfo rmed by impact i ng a stat i on ary 
t arge t with particles accelerated in an airstre am . The equ i pme nt used made i t 
possible to study the influences of velocity, angle of impingement and the 
nature of the impacting particles on t he erosion of glass microscope slides. 
Multiple partic le erosion results are reported in terms of milligrams of 
material lost per gram of impac ting parti cle s , whilst the si ngle particle 
impact damage was analysed quantitatively by means of optical microscopy and 
lineal analysis, as well as qualitatively by means of scanning electron 
microscopy. 
3.1 MATERIALS 
Glass slides were used as the target material in all the erosion 
testing. Using glass, which is homogeneous, single phase and isotropic, 
as the model brittle target material conveniently avoids the 
mi crostructura 1 and ori entati ona 1 effects which strongly influence the 
erosion behaviour of polycrystalline ceramic materials. In addition, 
since glass slides are relatively "soft", measurable weight losses are 
obtained within shorter testing times and using smaller amounts of 
impacting particles. 
The particle types employed as the erodent in the tests are listed in 
Table 3.1, together with their more important pro perties. 
The particle size distributions of the pulverized fuels were determined 
by means of wet sieve analysis, and the particle size ranges of the 
commerci a 1 abrasives we re determined by measuring the average diameters 
of the particles in scanning electron micrographs. The mineralogical 
composition of the pulverized fuel samples was established by 
quantitative X-ray diffraction analysis, using the internal standard 
method. ~tails of the method are given in Appendix I. 
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TABLE 3.1 The Abrasive Particles 
PARTICLE AVERAGE SIZE MOH' S HARDNESS DENSITY SHAPE SOURCE 
TYPE RANGE (JJ m) g/cm3 
Pulverized 
Coal As received - Cl ay comp onen t Angu l ar Power st at-
-- ge nera ll y 2 to 2. 5 quartz i ons , ex 
Arnot 2 50 JJ m Quartz compo nent - agg l omera t ed ESCOM 
Duvha 7.0 ma t eri al 
Mat l a See sect i on 
Kr i el 5.1 Or ganic compon-
ent unknown 
Qua rtz 230 Angular Prepared in 
115 7.0 2.65 the l abora t-
41 ory using 
glass sand 
of high 
purity 
Si l icor. 115 Angular Commercial 
carbide 51 9.0 3.22 loose grain 
36 abrasive 
Al umina 120 9.0 3.97 Angular Commercial 
loose grain 
abrasive 
Zircon 130 7.5 4.56 Rounded By-product 
sand from 
ilmenite 
mining 
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3. 2 EROSION TESTING 
The erosion of pipe-bends in pulverized fuel lines can be most closely 
modelled by the particle-gas stream type of erosion t ester. Erosion 
tests were performed using the apparatus illustrated in Figure 3. 1. 
•ri~RATORY 
PARTICLE F:: OUT TO PARTICLE TRAP II 
r 
I 
LI 
~========================~= (i) 
~VENTURI 
COMPRESSED AIR IN 
PARTICLES our-1/34 
CD SAMPLE HOLDER+TARGET 
FIGURE 3.1 : A schematic diagram of the erosion apparatus 
A predetermined mass of the abrasive particles was fed into the airstream 
by means of a vibratory particle feeder. The concentration of particles 
was kept as close as possible to 0.001 g/cm2s, although the minor 
fluctuations which occur apparently had no effect on the erosion rate or 
on the reproducibility of the results. The target was cleaned 
ultrasonically in alcohol, dried, and weighed on a 5-point balance both 
before and after testing. The particle velocity was varied between 25 
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and 55 ms -1 and was measured us ing the rotating double disc method 
developed by Ruff and Ives (1 975) . (S ee Appendix II for a descri ption of 
this method) . 
Since the pulverized fuel pipelines do not reach significantly high 
t empe ratures (ie . the operating temperature is generally less than 
200°C) , room temperature testing should represent the in - situ conditions 
adequa t ely . The bas ic operating parameters of the erosion apparatus are 
summar i zed be l ow : 
TABLE 3.2 Operating parameters of the particle-gas stream erosion 
tester 
VARIABLE 
Particle velocity 
Particle feed rate 
Particle concentration 
Operating temperature 
Angle of impingement 
Target material 
Particle type 
Particle sizes 
Length of accelertion tube 
Distance between target and exit 
port of accelertion tube 
ID of acceleration tube 
RANGE 
from 25 to 55 ms-1 
approximately 0.01 gs-1 
approximately 0.001 g/cm2s 
room temperature 
generally 90° but also 35°, 45° and 
60° 
Glass slides (76 x 26 x 1.0-1.2 mm) 
with finely ground edges, manufact-
ured by Superior, W. Germany. 
Pulverized fuel, quartz, silicon 
carbide, alumina, zircon. 
See Table 3.1 
130 cm 
10 mm 
10 mm 
Area of target eroded at 90° impact 
angle 86.59 mm2 
The results of two separate series of expe r i ments conducted with 230 ).Im 
diameter quartz are depicted in Figure 3.2. As is evident from the 
illustration, the fit is good, indicating t hat the experimental 
techniques employed are adequate, with no necessity for higher precision 
or for a more sophisticated experimental technique. 
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• 
• 
,, 
f/1 
30 40 50 100 
PARTICLE VELOCITY ( ms - 1 } 
FIGURE 3.2 Erosion rate versus veloc i ty for 230 ,um diameter quartz 
impacted against glass at an angle of incidence of 90°. 
o represents the first run and• represents the second run. 
Single impact, as well as multiple particle impact erosion tests were 
co~ducted and Table 3.3 lists the mass of material used for both types of 
test. 
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TABLE 3.3 Mass of each particle type used in the single and multiple 
particle impact erosion testing 
PARTICLE TYPE 
Arnot ( < 250 JJ m) 
Duvha ( < 250 JJ m) 
Mat 1 a ( < 250 JJ m) 
Kr i el ( < 250 JJm) 
Quartz ( 230 JJ m) 
Quartz ( 115 µ m) 
Quartz (41 ,um) 
Silicon carbide (115µm) 
Silicon ca rbi de (50JJm) 
Silicon carbide (30 µm ) 
Al um i n a (115 µ m) 
Zircon sand (120 ,1.1m) 
MASS ( I ) FOR 
SINGLE PARTICLE MULTIPLE PARTICLE 
IMPACT TEST IMPACT TEST 
0. 5 
0. 5 
0. 5 
0.5 
0.02 
0.01 
0.01 
0.01 
0.0059 
0.0062 
O.Oll8 
0.0237 
20 to 80 
20 to 80 
20 to 80 
20 to 80 
1 to 3 
1 t o 3 
1 t o 3 
1 to 3 
1 to 3 
1 to 3 
1 to 3 
1 to 3 
The semi-automatic image analysis system, developed for use on the 
Teletronix 4051-Summagraphic digitizer system [Frith and Heckroodt 
(1984)] was employed in the investigation of the magnitude of the damage 
craters formed by the single particle impact events. 
Optical micrographs were taken of the damage caused by the single 
particle impacts, whilst higher magnification scanning electron 
mi crographs were taken of the particle types and of the impact damage 
incurred by the glass slides. 
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CHAPTER 4 THE INFLUENCE OF VARIOUS PARAMETERS ON THE EROSION RATE OF GLASS 
The main objective of this work is to establish the eros ive characteristics of 
the four pulverized fu els which had been received , and to relate the i r erosion 
rates to their particle propert i es . Prior to commencement of the pract i cal 
work, dur ing a review of the literature dealing with solid particle erosion, 
it became evident that much controversy existed as regards the influence of 
t he various impact and particle parameters on the erosion rate of brittle 
ma ter ials. 
The two elastic-plastic models of erosion which are in current use both relate 
erosion rate to particle parameters such as velocity, radius and density, as 
well as target properties such as critical stress intensity factor and 
hardness. The relationships for the two models are: 
E c;1.,. v0 3.2 Rp3.7 Pp0.25 Kc-1.3 w0.25 [Evans et al (1978)] 
E 0( v/-4 Rp3.7 Ppl.20 Kc-1.3 H0.11 [Ruff and Wiederhorn (1979)] 
However, the relative importance of the parameters differ in each of the 
equations and the opinions of researchers vary as to which expression is more 
representative of erosion conditions. For example, the velocity exponent (n) 
incorporated in the two predicted equations for erosion differ, and , as can 
be seen from Table 2.1, the available experimental data agree equally well 
with both exponent values and neither exponent can be said to be more 
applicable. Although both expressions predict the same erosion rate 
dependence on particle diameter, controversies exist as regards the effect of 
particle size on the velocity exponent and on the erosion rate. The effect of 
density on erosion rate also differs in the two models. A particle parameter 
not included in the expressions is that of particle hardness, and again much 
controversy exists regarding the ~ffect of this parameter on erosion rate. 
This part of the study is concerned primarily with the controversies which 
exist as regards particle parameters and it also includes an investigation of 
the influence of the impact parameters of velocity and angle of attack on 
erosion rate. 
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Variations in stress intensity factor and hardness of the target could not be 
investigated since the brittle target material was kept constant throughout 
t he entire investigation. Thus, despite the fact that controversies also 
exist as regards these parameters , they will not be dealt with in this work . 
4.1 THE TARGET AND PARTICLE MATERIALS 
4. 1.1 The Target 
Since the candidate materials for use in the lining of the 
pulverized fu el pipelines are ceramic materials such as high 
density alumina, the use of a brittle target material in the 
present study is required. Glass microscope slides were chosen as 
the target material for several reasons. Since glass is single 
phase, homogeneous and isotropic, mi crostructura l effects such as 
grain size and porosity (see section 2.3.2) are eliminated. By 
keeping glass as the target material throughout the entire 
investigation, the target characteristics of hardness and fracture 
toughness were al so kept constant, thus effectively eliminating 
any influence which these parameters might have had on erosion 
rates and erosion mechanisms. The hardness and fracture toughness 
values of the glass slides were not determined experimentally but, 
according to Evans and Wilshaw (1976) and Ritter et al (1985), 
soda-lime glass, from which the slides are manufactured, has a 
hardness value of 5.5 GN/m2 and a fracture toughness value of 0.7 
MN/m3/2 . 
4.1.2 The Particles 
Several particle types were used as erodents and differed from one 
another with respect to density, hardness, shape and/or average 
size. A list of these properties is given in Table 3.1. By 
employing particles with different properties in the erosion 
testing, it should be possible to ascertain what effects, if any, 
these properties would have on the erosion rate and mode of damage 
incurred by the glass slides. 
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Quartz was chosen as one of the erodents s i nee it i s known to be 
the major eros ive constituent occurring i n pu lv er ized coals. High 
pur ity glass sand wa s crushed and screened into th ree narrow size 
ranges: 38 to 45 }Jm, 106 t o 125 )-lm and 212 to 250 }1m. These size 
ranges of quartz are s i mi l ar to thos e of th e quartz particles 
occurring i n th e pu lver i zed fuels and the sizes al so prov i ded mass 
differences of at least three or ders of magnitude . 
The other particle types used were s il icon carb i de , alumina and 
zircon. Because of t he nar row size r anges wi th i n whi ch these 
par t icles we r e ob t a in ed, sc ree n ana lyses wou l d no t be a very 
eff ec tive mea ns of check ing the particle size dist r ibutions an d 
thus th e particle size ranges of these powders were determined by 
measuring the diameters of the particles from enlarged scanning 
electron micrographs. All the particles, with the exception of 
zircon, were angular in shape ( see Figure 4 .1). The average 
diamete r of the particles was defined as the square root of the 
product of the "width" and "length" of the particles. It is, 
however, fully acknowledged that the thickness of the particles 
may be less than the "width" of the particles. Table 4.1 shows 
the range of sizes within which 90% of the particles fell, and 
also the average sizes of the particles. The average particle 
diameters of the quartz fractions were determined by taking the 
logarithmic mean. 
TAB LE 4.1 Particle size distributions and average particle sizes 
of quartz, silicon carbide, alumina and zircon 
PARTICL E TYPE SIZE RANGE AVERAGE PARTICLE PARTICLE SIZE 
(,um) DIAMETER (JJm) GIVEN BY 
MANUFACTURER (JJm) 
Quartz 212-250 230 
Quartz 106-125 115 
Quartz 38-45 41 
Silicon carbide 96-135 115 100 
Silicon carbide 33-73 51 50 
Silicon carbide 28-43 36 30 
Alumina 98-137 120 
Zircon 100-160 130 
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No foreign minerals were detec ted on examination of th e powders 
under the optical and scanning electron microscopes. Figure 4.1 
illustrates scann ing electron micrographs of all th e particle 
types employed in the investigation. Note that the quartz , 
silicon carbide and alumina particles all display th e same 
angu larity in shape, irrespective of their average size. Although 
a fraction of the zircon particles are elongated in shape, the 
ratio of "length" to "width" being approximately 2 to 1, these 
particles all have rounded edges and thus the zircon particles as 
a who l e may be described as spherical . 
230 ).Im Quartz l15 ).Im Silicon carbide 
l15 pm Quartz 51 pm Silicon carbide 
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41 JJ m Qu artz 36 )Jm Silicon carbide 
120 JJm Alumina 130 ).Im Zircon 
FIGURE 4 .1 
4.2 EROSION TESTING 
Scanning electron micrographs of the particles 
employed in the study 
Within the pulverized fuel pipelines, the velocity of the particles 
probably ranges from 15 to 30 ms-1 [Raask {1979)], while the angle at 
which the particles strike the walls of the pipebends has been 
established as being less than 40° [Mills and Mason {1977)]. The erosion 
testing, however, was conducted at velocities ranging from 25 to 55 ms-1, 
and an angle of incidence of 90" was employed. The angle of 90° was 
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chosen s i nce it i s the ang l e at wh i ch maximum material loss occurs for 
brittl e ma t eri al s , and s i nce eros i on rate is proportional to ve l ocity , 
the use of hi gher veloc i ties will al so increase erosion rate . 
Acco r di ng ly , measurab l e wei ght l osses were obtained wi thin relati vely 
short te stin g ti mes us in g l ess ab ra s ive materia l than wou l d ha ve been 
necess ary had l ower angles an d vel ociti es been used . 
The concentration of the pulverized fuels within the pipelines is unknown 
and thus, for the sake of convenience, an erodent concentration of 0 .001 
g/cm2 was selected for use. 
4.2.1 Damage Morphology 
Prior to commencement of the erosion testing, the nature of the 
damage produced by the various abrasive particles impinging on the 
glass target surface was examined. 
As discussed in Section 2.4, impacting particles may be classified 
either as "blunt", in which case the target response is elastic 
and associated Hertzian cone cracks may form, or "sharp", in which 
case the fracture damage is characterized by a central, 
plastically deformed region surrounded by radial and lateral 
cracking. 
The transition from the elastic to the elastic-plastic target 
response depends upon the radius of curvature (R) of the particles 
(see Section 2.4.2). The values of the critical particle radius 
(Re) for glass impacted with several particle types were 
calculated by Sargent et al (1 979) and are given in Table 4.2. 
TABLE 4.2 Values of the critical particle radius (Re) 
PARTICLE TYPE CRITICAL PARTICLE 
RADIUS (Re) JJ m 
Sil icon carbide 782 
Alumina 726 
Si02 249 
Steel 600 
- 51 -
According to tl1e table, the quartz, silicon carbide and alumina 
emp loy ed in this study are well below the critical particle size 
and may therefore be regarded as "sharp" . Similarly, the zircon 
particles, which ha ve a sma ll average part i cle radius - namely 65 
/J m - may al so be regarded as "sharp" desp ite their rou nded 
appearance. 
The t arget surfaces which had bee n subject to multiple parti cl e 
impacts were damaged to an extent where little or no informati on 
regarding the nature of the damage was provided . Thus, glas s 
t argets which had been subject to single particle impacts were 
employed in the examination of the damage morphology. The 
particles struck the target at a velocity of 35 ms-1 and a normal 
angle of incidence. 
Since the impacting particles may strike the target surface in any 
orientation, the individual impact sites were found to differ 
greatly in their appearance. For example, the magnitude of the 
damage area varied very much (see Chapter6), as did the amount of 
laterally cracked material that was removed. 
Figures 4.2, 4.3 and 4.4 are typical examples of the type of 
single impact damage produced by quartz particles, but the 
appearance of the damage caused by the other particle types is the 
same. 
FIGURE 4.2 Single particle impact damage on glass produced by a 
230)Jm diameter quartz particle travelling at 35 ms-1 
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Note the centrally damaged zone, surrounded by two lobes of 
laterally cracked material which is still in place. It is likely 
that subsequent particle impaction over the laterally cracked 
region will have th e effect of loosening the material and removing 
it. 
The damage need not be symmetrical about the point of contact , as 
is clear ly illustrated in Figure 4.3. {Three or even four l obes 
of lateral ly cracked material may form). Note also the presence 
of what could be radial cracking on the target surface. 
FIGURE 4.3 Single particle impact damage produced by a 115 JJffi 
diameter qµartz particle travelling at 35 rns-1 
A number of the impact craters produced by the particles were 
characterized by pits with no evidence of lateral cracks 
intersecting the target surface (Figure 4.4). These pits were 
found to occur more frequently on target surfaces which had been 
damaged by the small diameter particles, namely 41 )Jm quartz and 
36).lm silicon carbide. 
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FI GURE 4.4 Si ng le particle impact damage produced by a 41 jJ m 
di ameter quartz particle travelling at 35 ms-1 
It is thought [Wiederhorn and Hockey (1983)] that pits or plastic 
impressions in the target surface are a result of the deformation 
not being sufficiently concentrated to nucleate and propagate 
surface cracks. Thus not all the impacting particles are 
effective removers of material. 
It should be borne in mind that, although crack formation at the 
impact craters seems to dominate the erosion process at angles of 
incidence of 90° and velocities of 35 ms-1, the target response 
may well alter at lower angles of incidence and lower velocities, 
perhaps becoming similar to that described for small particles. 
4. 2.2 Eros i on Rates 
The erosion rates of all the powders as a function of particle 
ve l ocities ranging from 25 to 55 ms-1 are compared in the figure 
whi ch appears in Appendix III. As discussed in section 3.2, the 
reproducibility of the results is good, with the experimentally 
determined erosion rates of the different particle types at 
particular particle velocities not varying by more than 2 per 
cent. 
(a) The effect of velocity on erosion rate 
The following points regarding the effect of velocity on 
erosion rate were observed. 
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At an intermediate velocity of 35 ms-1, the three size 
fractions of silicon carbide were more erosive than the size 
fractions of quartz (Table 4 . 4) . However , since the valu e of 
n is different for each particle type and each particle size, 
the relationship between the eros ion rates of the particles at 
35 ms-1 will not remain the same at, for example , 50 ms-1. At 
50 ms-1, the quartz particles become more erosive than the 
silicon carb ide particles of equ ival en t size . 
It i s suggested by the figure appearing in Appendi x III that, 
at velocities of 60 ms-1 and above , the small particles become 
more erosi ve than the large particles (also a result of the 
differing n va lues). However, whether or not such a velocity-
particle size effect does in fact occur, was not investigated 
since such high velocities do not pertain to the conditions 
found in the power stations. 
An interesting point which emerged from the study of the 
influence of velocity on erosion rate was the fact that at low 
particle velocities, the erosion rate of the zircon becomes 
anomalously low (see Table 4.3 and the figure in Appendix 
I I I). 
TABLE 4.3 The influence of velocity (ms-1) on the erosion 
rate (mg/g) of zircon 
VELOCITY ( rns-1) 50 45 40 35 30 27 
EROSION RATE (mg/g) 4.0 2.6 1.95 1.30 0.21 0.01 
The effect cannot be explained in terms of a threshold 
velocity since, as discussed in Section 2.1.1, the threshold 
velocity below which no fracture occurs is reciprocally 
dependent upon particle size and density. Thus zircon, which 
has a higher density than any of the other particle types, 
should exhibit the lowest threshold velocity. However, the 
other particle types, which were similar in size to that of 
PARTICLE TYPE 
Quartz 
Quartz 
Quartz 
Silicon carbide 
Silicon carbide 
Silicon carbide 
Alumina 
Zircon 
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zircon, did not display excessively low erosion rate at the 
lower velocities. The only other aspect in which the zircon 
particles differ from the other particles, is morphology, a 
fact which suggests that shape could be a very important 
factor when considering erosion rates . 
As a first approx imation, the relat io nship between erosion 
rate and velocity has been proposed to be: 
where A is a constant which is dependent upon target and 
particle properties. 
The values of the velocity exponents n and the consta nt A 
determined by least-squares fit, as well as the erosion rates 
at 35 and 50 ms-1, for the various particle types are listed 
in Table 4.4. 
TABLE 4.4 Velocity exponent (n), constant (A) and erosion 
rate (E) as a function of particle material and 
size 
AVERAGE VELOCITY CONSTANT EROS ION EROS ION RATE 
PARTICLE EXPONENT A RATE (mg/1) (mg/g) AT 
DIAME TER (,µm) ( n) AT 35 ms- 50 ms-1 
230 2.6 4 .8 X 10-5 1.45 4.00 
115 3.2 8 .0 X 10-6 0 .70 2.50 
41 3.7 4.0 X 10- 7 0.26 0.94 
115 2.3 2.3 X 10-4 0.90 2.00 
51 2.6 5 .6 X 10- S 0. 39 0 .96 
36 3.8 1.0 X 10- 8 0 .13 0.65 
120 2.6 4 . 6 X 10-5 1.30 3.40 
130 3.3 1.8 X 10-5 1.30 4.00 
The velocity exponent, n, determined for each particle type, 
did not vary by more than 0.1 when using repeat sets of data 
to determine the value. 
A comparison between the theoretically predicted values of n 
and an exponent value which was obtained empirically is 
depicted in Figure 4.5. 
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n=3·8 Arnot PF 
n=3·2 Evans et al,1978 
n= 2-4 Ruff & 
W iede rh o rn , 1979 
20 30 40 50 100 
PARTICLE VELOC /TY ( m/ s) 
Experimentally determined relationship between 
erosion rate and particle velocity of a 
pulverized fuel compared to theoretical 
relationships based on the models of Evans et al 
and Ruff and Wiederhorn 
The values of n obtained in this investigation bracket those 
predicted by Evans et al ( 1978) and Ruff and Wi ederhorn ( 1979) 
and are also in reasonable agreement with those obtained by 
other researchers who used similar target materials ( namely 
glass) and particle types (see Table 2.1). 
The 230 µm quartz, the 115 µm silicon carbide, the 51 µm 
silicon carbide and the 120 JJm alumina all have comparatively 
low velocity exponent values, similar to the value of 2.4 
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which is used in the quasi-static model of erosion , while the 
velcity exponents of the 115 µm quartz, the 41 µm quartz, the 
36 µm silicon carbide and tt1e 130 ,u m zircon were closer to the 
velocity exponent value of 3.2 predicted by the dynamic model 
of erosion . The particle ty pes could not be grouped together 
in terms of their n values according to their phys i ca l 
properties, nor could they be grouped together in t erms of 
size . One point which emerged clearly was the fact that no 
velocity exponent values of less than 2 were obtained in the 
present work. Thus the suggestions of Gulden ( 1979) and 
Routbort and Scattergood (1980) that such low exponent values 
are the result of microstructural effects, which did not enter 
into the present study, could not be verified. 
A consistent trend which was immediately apparent when 
considering the velocity exponents reported in Table 4.4 was 
that the velocity exponent increases with decreasing erodent 
particle size. These trends are shown in Figure 4.6. 
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This result is not peculiar to the target-particle systems 
soda-li me glass -quartz and soda-lime glass-silicon carbide, as 
is pointed out in Table 4.5. 
TABLE 4. 5 : The effect of particle size on the velocity 
exponent for several target-particle systems 
TARGET lvJATERIAL PARTICLE PARTICLE VELOCITY REFERDJCE 
TYPE SIZE (µ m) EXPONENT n 
Pyrex glass Alu mi na 30 2.2 Sargent et al 
Pyrex glass Alumina 10 2.7 (1979) 
Reaction-bonded Alumina 270 2.0 Routbort et al 
SiC (198Gb) 
Reaction-bonded Alumina 130 2.3 
SiC 
Silicon single Alumina 270 2.55 Scattergood & 
crysta 1 130 2. 70 Routbort 
37 3.35 (1981) 
23 3.40 
The same trend was not observed by Routbort and Scattergood 
(1980) who impacted hot-pressed silicon carbide with 270 >' m 
alumina (n = 1.8) and 130 µm alumina (n = 1.5). However, the 
behaviour of this target material was anomalous in other 
respects too, as discussed in section 2.2.2. 
In view of the results obtained in this investigation and of 
those reported in Table 4.5, a term incorporating the particle 
size dependence of the velocity exponent should be included in 
the erosion models. As yet, too few data points are available 
to allow a reliable prediction of the general form which such 
a dependence should take, although it does seem that particle 
size is related ton by a power law, i.e. n = q o-P, or 
logn = log q - p log 0. The values of q and p, obtained in 
this investigation for glass impacted with quartz and silicon 
carbide and from the data reported by Scattergood and Routbort 
(1981) for silicon single crystals impacted with alumina, are 
given in Table 4.6. 
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TABLE 4. 6 The values of the constants p and q 
TARGET MATERIAL IMPACTING PARTICLE TYPE q p 
Gl ass Quar t z 8 - 0 . 2 
Gl ass Si C 13 . 5 - 0 . 4 
Si single crysta l Al 203 5 - 0 . 1 
The fit was found to be good for the data of Scattergood and 
Routbort ( 1981) and for glass impacted with qua r tz par t icles, 
whilst t here was some scatter i n t he results for glass 
i mpacted wi t h s ilicon carb i de pa rti c l es. 
Scatte rgood and Routbo r t (1981) suggested t hat t he phenomenon 
of increa s ing velocity exponent with decreasing particle size 
was due to a change in the particle imp act mecha nism , with 
large particles appearing quasi-static (n = 2.4) and small 
particles appearing dynamic (n = 3.2). They could not, 
however, offer an explanation as to why such a change should 
occur. 
Alternatively, the particle size-velocity exponent dependence 
could be explained in terms of fragmentation effects. Large 
particles are statistically more likely to contain flaws than 
are small particles, which will increase the probability of 
the large particles shattering on impact with t he target 
surf ace. Energy is expended in the process, with less ene r gy 
being available for the propagation of lateral cr ac ks. As a 
result, the large particles will exert l ess i nfl uence than 
expected on erosion rate and the resultan t vel oc ity exponent 
will not be as great as that of smalle r par t ic les. 
When two teams of researchers [Routbort et al ( 1980a) and 
Routbort et al (1980b)] investigated the ma nner in which angle 
of incidence influenced the value of the velocity exponent, 
they obtained di ff eri ng results. When impacting reaction-
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bonded silicon carbide with 270 ,u m alum ina particle s , Routbort 
et al (1980b) found that n varied inconsistently as angle was 
altered, whereas Routbort et al (1980a), who impacted silicon 
single crysta l s with alumina found that n was independent of 
angle . 
In this investigat i on , the effect of angle on the vel ocity 
exponent of s il icon carbide was briefly investigated . The 
results are tabulated be low: 
TABLE 4.7 Th e effect of angle of incidence on velocity 
exponent 
PARTICLE DIAMETER (µm) OF SiC 115 51 36 
n at 90° 2.28 2.55 3.80 
n at 45° 2.35 2.36 3.80 
Since the difference in n may vary by about 0.1, the 
differences reported in Table 4.7 are not really significant 
and thus these results favour those of Routbort et al 
(1980a). Since homogeneous single-phase materials were 
employed in this study and in that of Routbort et al (1980a), 
it may well be that the varying n values obtained with the 
reaction-bonded silicon carbide were due to microstructural 
influences. 
b) The effect of ang le on eros ion rate 
For brittle materials, maximum material loss is expected to 
occur at high angles of incidence (at or near 90°) and, 
accordingly, a normal angle of incidence was used in the 
evaluation of the erosivity of all the particle types. 
Since in the pulverized fuel pipelines, particles strike the 
walls at angles of less than 40°, it was necessary to study 
what effect lower angles of incidence would have on erosion 
rate. Furthermore, the effect of angle on erosion rate was 
- 61 -
used as a means of determining whether or not the 41 ).1 m 
diameter quartz particles or the 36 µm diameter silicon 
carbide particles would illicit a ducti l e target response, in 
which case the maximum in erosion rate would occur at an angle 
of about 20°. 
The effec t of ang le on the erosion of the partic l es was 
investigated using angles of 90°, 60°, 45° and 35° and a 
particle vel ocity of 47 ms-1. In Figure 4.7 the erosion rates 
are plotted as a function of angle for all the particle types. 
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The response of the glass target was typical of the behaviour 
of a brittle material, with the maximum material removal 
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occurring at an angle of 90u. This was found to be tru e for 
all the particles, irrespective of size. 
The degree to which angle influenced the erosivity of the four 
ab r asive med i a was not the same , although the particles 
ex i sti ng wi th i n a group (eg . the t hree size fractions of 
quar t z) foll owed a simil ar t rend . Note al so the erosive 
behaviour of the zircon abr as ive . At an ang le of 90° , t he 
eros iv ity of the zircon particles was three t imes t hat of th e 
36 fl m di ameter s ili con carbide particles , whilst at 35u , the 
si l icon carbide became t wi ce as erosive as the zircon . This 
latter effect may yet aga in be an i llustrat i on of the 
importance of the shape of the zi r con pa r t ic l es. 
Because of the angular dependence of t he experimentally 
determined erosion rates, it was suggested [Hockey et al 
(1978) and Shetty et al (1982)] that only the velocity 
component normal to the target surface might be relevant to 
the erosion process. 
The theoretically predicted models of erosion assume the angle 
of particle impingement to be 90u. The models may be modified 
so as to include oblique or low angles of incidence by 
incorporating the normal component of pa r ticle velocity into 
the expressions, viz: 
V = V0 sin a ( 17) 
where Cl' = t he angle of inci dence 
V0 = the particle ve locity at a normal angl e of 
incidence 
or, alternatively, since Eo(v0 n 
E = Ego (sin a ) n (18 ) 
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A brief comparison was made between the experimentally 
determined erosion rates and the erosion rates calculated by 
means of Equation 18. There is acceptable agreement between 
the calculated and experimental erosion rates for most of the 
abrasives at angles of incidence as 1 ow as 35° . Two ex amp 1 es 
are il l ust r ated in Figure 4 .8. 
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FIGURE 4.8 A comparison of the predicted (dashed line) and 
experimentally determined erosion rates ( •) for 
41 JJ m diameter and 115 JJm diameter quartz at 60°, 
45u and 35". 
These results are in agreement with those predicted by Dimond 
et al (1983) and Hockey et al (1978) who found that the 
comparison between the predicted and experimental erosion 
rates was satisfactory for angles on impingement greater than 
40" and 35u, respectively. 
Some systematic deviations from the predicted curves were 
found for a few of the abrasives, i.e., the predicted erosion 
rates either consistently over or under estimated the 
experimentally determined erosion rates. Ex amp 1 es are given 
in Figure 4.9. 
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The systematic deviations observed for 230 JJ m 
diameter quartz, 130 JJm diameter zircon, 120 ,um 
diameter alumina and 36 pm diameter silicon 
carbide. 
In the case of 130 pm diameter zircon, an explanation for 
overestimation of the calculated erosion rates could perhaps 
be found in the particle shape and the anomalously low erosion 
rates which occur for these particles at low velocities (See 
Section 4.2.2(a)). A similar deviation was observed for the 
230 JJm diameter quartz, which is the coarsest of all the 
erodents employed in this study and it may be that size is 
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responsible for the differences between the predicted and 
experimental erosion rates. 
In the case of the very fine 36 J-l m diameter silicon carbide, 
as we ll as t he 120 fl m diameter alumina , the predicted eros i on 
rates consi s ten tl y underestimated t he exper imentally 
determ in ed eros i on rat es . 
The results of this study indicate that particle size and 
shape may have an influence on erosion rate at the lower 
angles of incidence. This study did not warrent any further 
work since it would be necessary and advisable to re-examine 
the effect of angle on erosion rate when the candidate 
materials themselves are being investigated. It will also be 
necessary to examine the effect which angles of incidence as 
low as 15° have on the erosion rate of the candidate materials 
since, according to Hockey et al (1978), it is only at these 
very low angles of incidence that the plastic flow processes 
become important. 
4.3 THE PARTICLE PARAMETERS 
The influence of several particle parameters on erosion rate was studied, 
using the powders described in Section 4.1. 
4.3.1 Particle Size 
According to the predictions of Evans et al (1978) and Ruff and 
Wiederhorn (1979), the particle size is an important parameter 
when assessing erosion rate. The models imply that a doubling of 
particle diameter will result in a 13-fold increase in erosion 
rate when expressed as volume of material removed per particle 
impact. Furthermore, there seems to be no limit in erosion rate 
with an increase in particle size, as is apparently the case for 
metals (See Figure 2.4). 
Since the quartz and silicon carbide were both available in three 
size fractions, they were used in the investigation of the 
influence of particle size on erosion rate (See Figure 4.10). 
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As intuitively expected, erosion rate is observed to increase as 
particle size increases. The results are supported by those of 
Goodwin et al (1969) who also eroded glass with quartz particles 
and by those of Routbort et al (1980b) who obtained increases in 
the erosion rate of reaction-bonded silicon carbide impacted with 
increasing sizes of alumina particles at a normal angle of 
incidence. 
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The results discussed above contradict those reported by Routbort 
and Scattergood ( 1980) who impacted hot-pressed silicon carbide 
with al umi na particles and found that erosion rate decreased as 
part icl e size in creased . They attributed this phenomenon to 
eroded surface morpho l ogy , that i s , a microstructural effect, as 
opposed t o a parti cl e si ze effect, and since no such trend was 
observed in t he present study where gl ass was employed as t he 
target material, their as sumpt ion appears t o be rea sonable 
although in view of the res ults obtained by Routbort et al 
(1980b), the phenomenon is probably peculiar to hot-pressed 
silicon carbide. If the erosion rate is expressed as mg of 
material lost per g of erodent (mg/g), the particle size exponents 
obtained from Figure 4.10 were m = 0.9 for quartz and m = 1.0 for 
silicon carbide, at an impingement angle of 90u. 
In order to compare the values of m appearing in the models with 
the values of m obtained for this study, volume loss per particle 
was plotted versus particle diameter and the slopes of these lines 
yielded the particle size exponents. The values of m obtained for 
quartz and silicon carbide were 3.8 and 3.9 respectively. Both 
values are in close agreement with the theoretical value of 3.7. 
Routbort et al (1980b) found variations in mas particle velocity 
and angle of incidence altered but were unable to state whether or 
not the variations were significant due to "experimental 
uncertainties". The variations in m with angle of incidence and 
particle velocity for the present work are reported in Table 4.8. 
TABLE 4.8 The variation of particle size exponent (m) with angle 
and velocity 
VARIATION OF m VARIATION OF m WITH 
WITH ANGLE ( u) VELOCITY (ms-1) AT 90u 
PARTICLE TYPE 
35 45 60 90 35 45 50 
Quartz 1.1 1.2 0.9 0.9 1.0 0.9 0.9 
Silicon carbide 0.6 0.4 0.5 1.0 1.5 1.0 1.0 
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Since only 3 data points were employed in the determination of 
each of the m valu es , the variation in value (m = 0. 9 to 1.2) 
which occurs for quartz may be regarded as insignificant and it 
can be said that varitions in angle and velocity do not affect the 
particle size exponent of quartz. This does not apply to s ilicon 
carbide, however. At ang l es of incidence of less than 90v, the 
value of m decreases sharply to 0 . 5, suggesting that, at the 
lower angl es of incidence the effect of particle size on erosion 
rate is les sened. At a velocity of 35 ms - 1, the particle size 
exponent increases to 1.5, an effect which may be attributed to 
the very low erosion r ate of the 36 }Jm diameter particles. 
4.3.2 Particle Density 
Althoug h particle density is an essential factor of all 
theoretical and empirical analyses of material loss by erosion, 
there has been no systematic study of its effect. The models 
predict an increase in erosion rate with increase in density : by 
increasing the particle density from, say, 2.65 g/cm3 (quartz) to 
3.22 g/cm3 (silicon carbide), the model derived by Evans et al 
(1978) predicts a 5.5 per cent increase in erosion rate, since the 
particle density exponent is 0.25, whereas the effect of such an 
increase in density is greater (26 per cent) when accepting the 
Ruff and Wiederhorn (1979) model, where the particle density 
exponent is 1.20. 
The influence of density on the erosion rate of 130).lm diameter 
quartz and silicon carbide (from extrapolation), 130 ).lffi diameter 
zircon and 120).lm diameter alumi na , is illustrated in Figure 4.11. 
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The value of the exponent was 1.3 which is in close agreement with 
the value of 1.20 predicted by Ruff and Wiederhorn's quasi-static 
model of erosion. 
4.3.3 Pa r ticle Hardness 
Yet another controversy, which was reviewed in Section 2.2.3, 
regards the influence of particle hardness on erosion rate. In 
genera l , an increase in erosion rate with particle hardness is 
predicted for a given target material. Gulden (1979) has shown 
that i f the same hot-pressed silicon nitride was eroded under 
identical conditions with quartz particles (Moh's hardness 7.0) 
and silicon carbide particles (Moh's hardness 9.0), the silicon 
carbide particles resulted in an erosion rate that was two orders 
of magnitude greater than that of the quartz, an effect which 
could be attributed to the fact that quartz is softer than the 
target material. 
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The particles used in the present invest igation to study the 
effect of hardness on the erosion rate of the glass targets had 
Moh's hardness val ues ranging from 7.0 to 9.0 . 
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The scatter of the data in Figure 4.12 indicates that, for the 
glass target material, the hardness of the erodent has no 
influence on erosion rate. It should be noted that all the 
abrasives are considerably harder than the target. 
Similar results to those obtained here and by Gulden (1979) were 
observed by Dimond et al (1983). When impacting glass targets 
with silicon carbide and quartz, little difference in erosion rate 
was noted, whereas when impacting alumina with quartz (softer than 
the target) and silicon carbide particles (harder than the 
target), a definite hardness effect was observed, with silicon 
carbide being the more erosive particle type. 
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4 . 3 . 4 Synergistic Effects 
The subject of particle i nteract i on effects has been addressed in 
three prior studies . The exper i ments of Marshall et al (1981) and 
Routbort et al (1 980a ), discus sed in Sec ti ons 2 . 2 . 2 and 2 .2. 6 
respectively, both emp l oyed silicon s ingl e crystal s as t he t a rget 
material, and demonstrate d that erosion rate is dependent upon th e 
particle size distribution of t he erodent . Gulden (1980) i mpacted 
50 fl m diameter quartz partic l es against an MgF2 target surface 
which had been predamaged by 270 }.I m qua r t z part i c l es and ob t a i ned 
a result which was cons is t ent wi th t hose ob t ained by Marsha l l and 
Routbort . 
Routbort et al ( 1980a) suggest that the greater erosi vi ty of a 
mi xt ur e of particle sizes could be du e to the increased efficiency 
of t he smaller particles in removing material because when the 
smal l er particles strike the target, there is already a 
pre-existing network of cracks caused by the larger particles. 
Since the pulverized fuels consist of a range of particle sizes 
much wider than those employed in the experiments conducted so 
far, it was decided to establish whether or not the results of the 
above-menti oned authors should be taken into account when 
con s i deri ng the selection of an abrasive to replace the pulverized 
fu e 1 s . 
Several mixtures consisting of different ratios of small (41,11ml 
quartz par t i cles an d large (230 ,um) quartz particles were blended 
together th orou gh ly in orde r to ensure homogeneity and impacted 
against gl as s s l ides at a velocity of 38 ms-1. The results are 
pre sented in Figure 4.13. 
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A range of particle sizes is clearly a more efficient erodent than 
one particle size and this should be borne in mind when selecting 
a suitable substitute for the pulverized fuel. 
A brief summary of the points which emerged from this study is given below: 
(i) All the erodents, irrespective of size, produce surface damage typical 
of that associated with the impact of "sharp" particles against brittle 
target surfaces. 
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(ii) In general the theoretica l ly predicted erosion rates compare favorab ly 
with the exper i mentally obta i ned erosion rates for angles of i nc i dence 
as l ow as 35v wh en gl ass i s emp l oyed as t he ta rge t mater i al . 
( i ii) Th e values of th e ve l oc i ty expone nt, n, diffe r fo r each pa r tic l e type 
and each pa rt i cl e s ize an d valu es bo th high er and lower than t hose 
t heoretically predicted are obtained . A definite velocity exponent -
part i cle size dependence was observed for quartz and silicon carbide , 
with t he sma l l part i cle s ha vi ng expone nt val ues greater than t hat 
pre di cted by Ev ans et al and t he l ar ge particl es havi ng exponen t s near 
to the exp one nt va lu e pr ed ic ted by Ruf f and Wiederho rn. 
(i v) The particle size exponents of quartz and silicon carbide are in 
agreement with the value of 3.7 predicted by both erosion models. In 
general, velocity and angle of incidence do not influence the size 
exponent. 
(v) The particle density exponent is 1.3, which is similar to the value of 
1.20 which is found in the quasi-static model of erosion. 
(vi) Particle hardness has no effect on the erosion rate of the soft glass 
target. 
(vii) A definite synergistic effect for particle size is observed when a 
mixture of coarse and fine particles constitute the erodent. The 
resultant erosion rates deviate positively from the erosion rates 
predicte d by a linear "rule of mixing". 
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CHAPTER 5 THE PULVERIZED FUELS 
Impact eros i on of the right-angled bends of the pneumatic pipelines conveying 
pulverized fuel is a well-known problem in power station operation . In order 
to assess the erosion resistance of ceramics , which are gaining acceptance as 
lining materials to combat the wear, they have to be eroded under conditions 
that can reliably be related to those prevailing in the pipelines . 
Since large quantities of the pulverized coal are required to produce 
measurable weight losses in an erosion t est , it was necessary to find an 
alternative abrasive for use in the testing. In order to do this, it was 
necessary first to characterize the pulverized coals and then to compare their 
erosivity with that of the abrasives which were discussed in Chapter 4. 
Four samples of pulverized coal were all received in April 1983 and may be 
considered as representative of the average monthly coal quality. Additional 
information regarding the pulverized fuels was supplied by ESCOM and this 
information (not directly relevant to the present study), as well as the 
locations of the power stations from which the samples were taken, are 
reported in Appendix IV. 
5.1 THE PULVERIZED FUEL PARTICLES 
As was established in Section 4.3.1, particle size is an important 
parameter affecting the erosion rate of any abrasive material. 
The particle size distributions of the pulverjzed fuels, which had been 
milled at the power stations to particle diameters of less t han 250 JJm, 
are illustrated in Figure 5.1. Since the fraction of particles less tha n 
38 JJm in diameter is small, and since the small partic les will not 
contribute significantly to the erosion of the glass targets, it was not 
necessary to determine the size distribution of this fraction. 
The size fractions of the pulverized fuels are also presented in Figure 
5.2, in the form of histograms. 
cc 
w 
1000 
500 
300 
200 
~ 100 
w 
:E 
<t 
0 
w 
...J 
u 
i= 50 
cc 
~ 
20 
10 
FIGURE 5.1 
- 75 -
/ ...-~ ~ 
/ /~.:.-~ ~ . ,, / · ~/ V .,.,,,~ .... ·/ // ~ 
/ 
/_,, 
.//~ 
/ 
, 
/ /~ / . 
// / 
I I/ · V // / . ' / / 
I !/ , /(/ V -- Arnot 
-- Mat la 
-- -- Duvha 
- ·- Kr iel 
10 30 50 70 90 99 
CUMULATIVE % LESS THAN 
Cumulative presentation of the wet screen analyses of t he 
pulverized fuels 
- 76 -
50 ARNOT PF 50 MATLA PF 
40 
30 
20 
10 
>-
u 
z 
UJ 
:::, 
0 
UJ 
a: 
LL. 50 
0 
-
0 
40 
30-
20 
10 
FIGURE 5.2 
40 
30 
20 
10 
38 63 106 212 38 63 106 212 
KAIEL PF 50 DUVHA PF 
40 
30 
20 
10 
38 63 106 212 38 63 106 212 
SIZE FRACTION (,um) 
Histogram presentation of the wet screen analyses of the 
pulverized fuels 
- 77 -
For the Arnot pulver ized fuel, the distribution is quite sharp, with the 
largest fract i on of t he partic l es ha ving di ameters lying within the range 
106 t o 212 ;i m, wh il st for the three other pulverized fuels, the 
distributions are muc h broader . 
Part ic le s ize ana lys is alo ne is not an adequa t e means of pred ic t i ng the 
erosivi ty of th e pu lverized fu el s beca use t he majo rity of t he pa rticl es 
within each screen fra ction are coal particl es. Since it is th e foreign 
minerals present within a fu el, such as quartz and pyrite, which are 
responsible for its erosive nature, it is also necessary to determine the 
mineralogical composition of each fraction. 
5.2 MINERALOGICAL ANALYSIS 
It is generally accepted that the abrasive properties of a pulverized 
coal depend mainly on its quartz (Moh's hardness 7.0) and pyrite (Moh's 
hardness 6 to 7) contents. 
Preliminary X-ray diffraction analysis was performed on the samples of 
coal and it was found that, as with British coals [Raask (1979)], soft, 
non-abrasive clay minerals (Moh's hardness 2 to 2.5) appear to be the 
dominant non-organic phase in the South African coals. Quartz was found 
to be the other main mineral class occurring in the South African coals. 
Pyrite was only present in trace amounts and was thus expected to 
contribute very little to the erosivity of these coals. 
Quantitative X-ray diffraction analysis, by means of the internal 
standard method, was performed on the coarse size fractions of each of 
the pulverized fuels in order to determine the relative quantities of 
quartz present within each fraction. The fractions, which were prepared 
by wet screening, were 250 - 212 JJm, 212 - 106 JJITI, 106 - 63 )Jm and 63 -
38 JJm· As discussed in Section 5.1, the particles less than 38 ;im in 
diameter were not considered particularly important and were thus not 
analysed. 
The weight percentages of quartz present in the coal fractions are given 
in Table 5.1. 
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TABLE 5.1 The percentage weight fractions of quartz present in the four 
size fractions of the pulverized fuels 
PULVERIZED SIZE FRACTION % SIZE FRACTION WEIGHT % QUARTZ WEIGHT % 
FU EL (}I m) BY WEIGHT IN FRACTION QUARTZ IN 
TOTAL FUEL 
Arnot 250 - 212 15. 09 3.5 0. 5 
212 - 106 51.06 3. 7 2.0 
106 - 63 29.29 2.5 0.7 
63 - 38 24.74 4.0 1.1 
Mat l a 250 - 212 1.05 5.5 0.01 
212 - 106 26. 71 1. 75 1.1 
106 - 63 25.75 1.5 0.3 
63 - 38 22.81 0.75 0.4 
Kri el 250 - 212 0.89 2.5 0.02 
212 - 106 18.00 6.25 1. 2 
106 - 63 20.03 6.50 1.3 
63 - 38 23.02 4.0 1.2 
Duvha 250 - 212 0.44 5.5 0.02 
212 - 106 20.12 1. 75 0.4 
106 - 63 28.16 1.5 0.4 
63 - 38 27.61 0.75 0.1 
The ditributions of quartz within the pulverized fuels are illustrated in 
Figure 5.3. 
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In terms of particle size distribution and the quartz content of the two 
l a r g e s t s i z e fr a c ti o n s ( 2 5 0 - 212 fl m a n d 212 - 1 06 J-l m ) , the f o u r 
pulverized fuels may be ranked as follows in terms of erosivity: Arnot, 
Ma t l a , K r i e l , Du v h a . 
Scanning electron mi crographs of the pulverized fuels showed that the 
quartz in the pulverized fuels is present as discrete particles which 
displayed t he same angularity as the laboratory prepared quartz . (See 
Figure 5.4). 
Arnot pulverized fuel Matla pulverized fuel 
Kriel pulverized fuel Duvha pulverized fuel 
FIGURE 5.4 Scanning electron micrographs of the four pulverized fuels. 
Note the quartz particles (Q) 
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5.3 THE EROSIVITY OF THE PULVERIZED FUELS 
The experimental conditions described in Chapter 4 were maintained for 
the testing of the pu lverized fuels, so that comparisons can be made, 
thus establishing a relationship between the erosi ve power of the sfllal l 
amount of quartz present i n th e coals and th e 100 per cent pure 
abrasives . 
Tables 5 . 2 compares the erosivity of t he four pulveri zed fue l s wi th t hat 
of t he 100 per cent pu re abras ives at an intermedia t e vel oc ity of 
35 ms- 1, at 50 ms- 1 and a norma l angl e of inc idence . The values of the 
velocity expone nt, n, are also tabu la t ed . 
TABLE 5.2: The erosion rate (at 35 ms-1 and 50 ms-1), the velocity 
exponent and the constant (A) of the fo ur pulverized fuels 
and the 100 per cent pure abrasives. 
PARTICLE TYPE VELOCITY CONSTANT EROS ION RATE EROS ION RA TE 
EXPONENT A (mg/g) AT (mg/g) AT 
( n) 35 ms-1 50 ms-1 
Arnot ·PF 3.8 4.7 X 10-8 0.033 0.12 
Duvha PF 3.5 3.7 X 10-8 0.012 0.039 
Matla PF 3.7 1.3 X 10-8 0.0072 0.0227 
Kriel PF 3.9 6.0 X 10-9 0.0070 0.0220 
230 }Im Quartz 2.6 4.8 X 10-5 1.45 4.00 
115 }Im Quartz 3.2 8.0 X 10-6 0.70 2.50 
41 JJm Quartz 3.7 4.0 X 10- 7 0.26 0.94 
115),lm Silicon carbide 2.3 2.3 X 10-4 0.90 2.00 
51,µm Silicon carbide 2.6 5.6 X 10-5 0.39 0.96 
36JJm Silicon carbide 3.8 1.0 X 10-8 0.13 0.65 
120,µm Alumina 2.6 4.6 X 10-5 1.30 3.40 
130 pm Zircon 3.3 1.8 X 10-5 1. 30 4.0 
Contrary to the predicted order of erosivity of the pulverized fuels, 
Duvha pulverized fuel, which, according to the screen analysis has a 
relatively low weight percentage of large particles, and the least amount 
of quartz in the coarsest fractions, is more erosive than either the 
Matla and Kriel pulverized fuels. By comparing the erosivity of the four 
pulverized fuels at an intermediate velocity of 35 ms-1, they may be 
ranked as follows in order of decreasing erosivity : Arnot, Duvha, Matla, 
Kriel. 
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From Table 5 . 2, it can be seen t hat Arnot pulverized fuel is five times 
as erosive as Kr i el pulverized fuel and t he eros ivi ty of th e Duvha 
pulverized fuel is double th at of Kr i el. The ranking order described 
above r ema ins fixed for all the veloc i ties likely to be encountered i n 
normal in-s ervic e situa ti ons . 
In order to select a suitab le substitute for th e pulverized fuels, the 
influence of the impact parameters on the erosion rates of the fuels must 
be considered and compared with that of the alternative abrasive s . 
The impact parameters , such as the effect of angle on erosion rate was 
found t o be t he same for the pul veri zed fue l s as for t he abras ives , with 
t he maximum eros i on r ate t ak i ng place at an angl e of 90° . (See Fi gure 
5. 5 ). 
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It was established in Sect ion 4.2 . 2 that the velocity exponent is 
dependent upon the particle size of the abrasive. In order to compare 
the dependence of the velocity exponent on the particle size of the 
pulverized fuels with those of the 100 per cent pure abrasive, the 
velocity exponents and the nominal particle sizes (the pea ks in th e size 
distributions are shown in Figure 5 . 2) of the pulverized fuels are shown 
in Figure 5. 6. 
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It is apparent that the ve 1 ocity exponent-pa rti cl e size dependences of 
the Matla and Arnot pulverized fuels most closely resemble those of the 
115 JJm diameter quartz and the 130 )Jm zircon, whilst Kriel and Duvha 
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pulverized fuel most close l y resembl e those of the 41 )l !TI diame ter quartz 
and the 36 µ m diameter s ili con carbide. Accordingly , the suitability of 
these abrasives as the replacements for the pul verized fuels should be 
considered. 
Si nce the morphology of z i rcon particles is appreciably different from 
that of the erosi ve quartz particles present in the pulverized fuels , 
t hi s abras i ve was e limin ated fr om further consideration , lea ving the 
quar t z and silicon ca rbide . 
The silicon carb ide particles hav e both. a hi gher den sity an d a grea t er 
hardness than the quartz particles present i n the pulverized f uels. 
Since increased density only has the effect of increasing erosion rate 
(see Section 4.3.2), silicon carbide may still be considered a suitable 
substitute for the pulverized fuels. Increased hardness was not found to 
have any effect on the erosion rate of the glass targets (see Section 
4.3.3). However, Dimond et al (1983) implied that hardness only becomes 
important if the target has a hardness more comparable to that of the 
particles. This condition could not be verified in this study. 
An important question still remained, and that was why the order of 
erosivity of the pulverized fuels did not follow the same trend as 
predicted when considering particle size and quartz content. It was 
evident that this discrepancy warranted further study, and before an 
alternative abrasive could be recommended with confidence, it wou ld be 
necessary to study and compare the characte r of the damage of · the 
pulverized fuels and the pure erodents. 
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CHAPTER 6 SINGLE PA RT ICLE IMPACT DAMAGE 
In Section 4. 2. 1, it was established that the damage produced by all the 
abrasives, i ncluding the pulverized coals, can be described as elastic -
plastic . Figure 6 . 1 summarizes the crack types commonly observed for this 
damage process . 
' l / h I 
I 
I 
R/ 
/ 
FIGURE 6.1 The lateral crack system. The residual load, Pr, which is 
exerted by the radially expanded plastic zone determines the 
crack driving force. The shaded area represents the deformation 
zone. L = lateral cracks. Mand R = the median and radial crack 
systems, respectively [From Marshall et al (1982)]. 
Lateral cracking initiates near the base of the deformat i on zone, sprea ds out 
on planes nearly parallel to the specimen surface and eventually intersects 
the surface. The volume of material lost will depend upon the depth (h) of 
the plastically deformed region and the length (L) of the fully developed 
lateral crack. The erosion models (Section 2.5) assume that the potential 
· volume (Vil of material removed per particle impact will be vi' = nL2h. The 
models al so assume that the total volume of material removed as a result of 
particle impacts involves a simple summation of the single particle impact 
events. 
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In this Chapter, the results of an investigation to determine the actual 
volume of material removed per i mpact as a result of s ingle particle impacts 
( by means of measuring the sing l e impact events) are presented . The re aso ns 
as to why the erosion rates of the four pulverized fuels (see Section 5. 3) did 
not correlate directly wi t h their bulk mineralogical compositions (Section 
5. 2) and particle s i ze dis tr ib uti ons (Section 5.1) are al so di scussed . 
6. 1 METHOD OF APPROACH 
Th e si mplest way of estimating the amount of material removed pe r 
particl e impact was to meas ure the sizes of single particle impact 
even t s. Accard i ngly, the forming of damage craters as discrete entities 
on the impacted area of the target would facilitate this measuremnt. In 
order to achieve discrete craters, small amounts (see Table 3.3) of the 
impacting particles were fed into the airstream at a very slow rate 
(~0.001 g/cm2s), thus minimizing possible particle interactions in the 
gas steam or on the target surface. The particles struck the glass 
targets at a velocity of 35 ms-1 and a normal angle of incidence. Eight 
to nine different areas of the centra 1 impacted zone were photographed, 
the magnification used depending upon the dimensions of the damage 
sites. The semi-automatic image analysis system, mentioned in Section 
3.2 and discussed in detail by Frith and Heckroodt (1984), was employed 
in measuring the dimensions of the damage sites or craters. The total 
area damaged by the particles was equal to 86.59 mm2. This value was 
determined by measuring the area eroded under conditions of multiple 
particle impact. 
In order to compare the amounts of material removed from the target 
surface by each particle ty pe, the results were normalized as follows: 
1 86.59 = CF 
-
X y 
where x = the actual weight of abrasive particles used 
y = the damage area actually measured 
CF = a correction factor, which is the number of impacts which 
would have been counted had the entire eroded area been 
measured and if lg of particles were used. 
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The number of particles present in 1 g of material was calculated by 
using the average particle diameters listed in Table 4.1 and in addition, 
assuming that each part icl e was spherical in shape . It was also assumed 
that every particle striking the target surface created a damage site 
which resulted in a certai n volume of material being removed and that 
there were no part icl e in teractions . 
The maximum diameter (2L') of each crater was estimated (see Figure 6.2) 
since this would give an indic at ion of the maximum amount of material 
which could be removed by each impact. The maximum measured diameters 
(2 L') of all the measurable craters were assigned to classes using a 
logarithmic scale. The volume (Vil of material removed per particle 
impact was assummed to be conical (Vi = 113 n L2 h) as opposed to 
cylindrical (V 1 = nL2h). Furthermore, it was assumed that the ratio of 
h (the depth to which lateral cracking occurs) to the radius of the 
crater (L) remained constant for each particle type and for each particle 
size, in other words that the ratio h/L was a constant, f. Thus, the 
volume (Vil of material removed per particle impact could be expressed as 
l/3 f L3, 
If all the craters are measured and then all the volumes associated with 
the craters summed, the erosivity of a particle type can be ascertained. 
6.2 RESULTS AND DISCUSSION 
A typical example of the resultant impact damage is illustrated in Figure 
6.2. Note that the damage sites are generally non-interacting. 
The percentage frequency di stri buti ons of the numbers and volumes are 
presented in the form of histograms, an example of which is given in 
Figure 6.3. (Histograms similar to those depicted in Figure 6.3 are 
presented in Appendix V for the other abrasives). 
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There is a cut-off point in the measurement of the craters . For example, 
with the 51 JJ m diamter silicon carbide, craters with diameters of less 
than 10 .J-l m could not be reliably measured due to the magnification 
employed. This means that the frequency with which the sma 11 craters 
occurred would be underestimated. 
As is evidenced by th e histogram (Figure 6 . 3) and by the photograph 
(Figure 6.2) , there is a wide variation in the magnitude of the single 
impact craters. Similarly, since th e volume of material removed is equal 
to L3, this same variation ex·ists as far as volumes are concerned. A 
demonstration of the wide range of crater sizes produced by a relatively 
small range of particle sizes, is obtained when, for example, the 230JJm 
diameter quartz and the 115 JJm diameter quartz are considered. The 
particles within these size fractions range from 212 to 250 }1 m ( range 38 
}Im, size ratio 1 to 1.2) and 106 to 125 fl m (range 19 flm, size ratio 1 to 
1.2) respectively, but the range of measurable crater sizes produced by 
these particles is much larger: The 230 }1 m average diameter quartz 
produced measurable craters ranging in size from 12.6 to 199.45 }Im (range 
187 fl m, size ratio 1 to 16) ) and the 115 }1 m average diameter quartz 
particles produced craters ranging in measurable size from 12.6 to 126flm 
(range 113 JJ m, size ratio 1 to 10). These ranges of crater sizes become 
even larger when considering the fact that the small craters could not be 
measured experimentally. 
Gulden's (1980) results also demonstrated this variation in the size of 
the impact craters and she suggested that this variation was probably a 
function of particle orientation rather than a function of a target 
property such as strength, which is unlikely to vary to such an extent. 
In this study, the majority of the impacting particles are irregular in 
shape and they may strike the target with a sharp corner, a flat face or 
a rounded edge. Thus, although the velocity remains the same, the energy 
transferred per unit area and the extent of damage would vary 
considerably. In addition, the particle masses are different, with the 
result that the impact energies will be different. For example, the 51 
}Im average diameter silicon carbide particles have particles ranging in 
size from 33 pm to 74 }Im (a ratio of 1 to 2.2) and thus a mass range of 
6.05 x 10-89 to 6.80 x 10-7g (a ratio of 1 to 11.2). 
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Three of the important crater dimension parameters are the diameter of 
damage occurring most fre,quently (2Lsl, the diameter of damage resulting 
in the ma ximum amount of material removal (2Lv) and the average diameter 
of the class containing the largest craters (2Lml· The method of 
obtaining these values is illustrated in Figure 6.3. 
The information obtained from Figure 6. 3 and the illustrations presented 
in Appendix V may be summarized as follows: 
TABLE 6. 1 : Summary of information obtained from the histograms 
AVERAGE DIAMETER OF CRATERS DIAMETER OF CRATERS MAXIMUM CRATER 
PARTICLE PARTICLE OCCURRING MOST PRODUCING MAXIMUM DIAMETER PRODUCED 
TYPE DIAMETER FREQUEN TLY ( 2 Ls) VOLUME LOSS (2Lml (pm) 
(µ m) (pm) (2Lvl (µm) 
Quartz 230 31 126 200 
Qua rtz 115 19 79 126 
Qua rtz 41 8 15 31 
Sil icon 115 31 79 126 
carbide 
Silicon 51 19 31 50 
carbide 
Silicon 36 5 12 19 
carbide 
Alumina 120 31 100 126 
Zircon 130 31 126 200 
Arnot PF 150* 31 79 200 
Duvha PF 63* 19 79 126 
Matl a PF 106* 19 126 126 
Kri el PF 49* 19 79 126 
* - Nominal values obtained from Figure 5.2 
The three damage parameters tabulated above were plotted against average 
impacting particle diameter, and the relationships are depicted in Figure 
6.4. 
I 
J 
I 
L 
I 
c ! 
- I 
....::;- 140 L 
I 
I 
: ,00[ 
LJ 
a: 
w 
>-
..: 
a: 
u 
I 
I 
' 
I 2o t--
i 
i 
... 
.1· / 
• / 0 
, ...,, 
T 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
- 91 -
• • 
.. · 
•• T --. 
--/ 
/ 
/ 
T ./ 
/ 
/ 
./ 
./ 
/ y 
/ 
oo 0 
0 
'---'----'----"---;...._---'---' -------'---l....-----1. __ .:...._ _ _J...... _ __! 
FIGURE 6.4 
20 60 100 140 180 220 
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The relationships between average impacting particle 
diameter and 2Ls (solid line), 2Lv (dashed line) and 2Lm 
(dotted line) 
From the data available, there appears to be a levelling-out of the 
curves as the impacting particle diameter increases. The levelling-out 
is most marked for the curve of 2Ls versus particle diameter. One of the 
possibilities as to why such a levelling-out should occur may be related 
to particle fragmentation effects. As previously mentioned (see Section 
4.2.2(a)) large particles are more prone to shattering upon impact with 
the target surface than are small particles, 
available for the propagation of lateral cracks. 
leaving less energy 
Thus, when impacting 
particles are greater than about 100 ~m in diameter, the average lateral 
crack sizes which they produce become more or 1 ess the same. However, 
the non-linear trends which are suggested by Figure 6.4 should be treated 
with caution since it may well be that, with a greater number of data 
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points, a different or more definite rel at ionshi p between the three 
aspects of damage size and av erage particle diameter may emerge. 
By plotting the same data that was assemb led in order to plot Figure 6.3, 
cumulatively (from largest to smallest crater), fu rther information may 
be obtained . Alth ough the discussion which follows again relates to a 
specific example - 5l µ m diameter silicon carbide - it is true of all the 
abrasives . 
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Attention is drawn to the fact that the last point (indicated by an ar row 
in Figure 6.5 above) is not very reliable, which is the result of not 
necessarily measuring all the small craters in that size class, as was 
pointed out when discussing Figure 6.3. 
Since the smallest craters could not be measured, the total number of 
craters (and hence the number of particles present in lg of abrasive 
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ma t er i al if ass um in g t ha t eve ry particle creates a crater) could not be 
de t ermined from the reco rded number of craters al one . Howe ver , t he t ota l 
numbe r of craters, even down t o th e most mi nute cra t er, may be es timat ed 
in on e of two ways: 
(i) By graphical extrapolation (ignoring the last point) in which case, 
for the 51 JJ m diameter silicon carbide, the total number of craters 
is estimated to be 3. 75 x 106 (' a ' in Figure 6 .5). 
(ii) By calculation, using 51 JJm as the average particle diameter. In 
this instance, the total number of particles, and thus craters, 
equ als 4.50 x 106 ( 'b' in Figure 6.5). 
The graphically determined number of particles (or craters) in most cases 
corresponds reasonably well with the calculated numbers. The total 
cumulative volume of material that is removed as a result of particle 
impact is thus f(6.24 x 109) )Jm3 when considering the graphically 
determined total number of craters and f(6.26 X 1Q9) pm3 when considering 
the calculated total number of craters. The difference between the two 
values is less than a half per cent, and it is thus evident that the 
contribution by the craters 1 ess than 10 µ m in diameter (in the case of 
51 J.Jm diameter silicon carbide) is immaterial to the total volume of 
material removed, although their numbers are large - 0.55 x 106 and 
1.30 x 106 respectively. 
A consideration of the abovementioned data and of Figure 6.5 shows that a 
very good estimate of the total volume of material that is removed, may 
be obtained from the craters with measurable dimensions, alone. There 
is, in fact, no need at all to determine the total number of particles 
(or craters) in order to estimate the total volume of material that is 
removed. 
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The i mportance of the large crate r s as contributors to the total volume 
of material removed, i s clearly illu strated in Figure 6 . 6, where yet 
again, the 51)-lm diameter silicon carbide i s ta ken as a typical example 
of what is true of all the abrasive med i a . [3ased on the graphically 
extrapola ted value for th e total number of crater sites , about 10 per 
cent of the site s (all of which can be measured with ease), are 
responsible for the removal of 50 per cent of th e total volume of 
material and about 45 percent of the craters are responsible for the 
removal of 80 per cent of the target material. Another crater dimension 
which is important, is h, t he depth to which lateral cracking occurs. 
The average value of h can be obtained by comparing the c_alculated val ue 
of volume of target material removed and the actual experimentally 
determined mass loss (see Section 6.1). Table 6.2 lists the values of h 
for all the abrasive media . 
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TABLE 6.2 The total cumulative volume of material removed f(ym)3, the 
erosion rate (rng/g), Ls, hand the ratio h;zLs· 
PARTICLE TYPE TOTAL CUMULATIVE EROS ION RA TE Ls (pm) h (pm) h/zls 
VOLUME OF MATERIAL (mg/g) AT 
REMOVED f (p m3) 35 ms-1 
230 JJ m Quartz 8.0 X 109 1. 45 15.5 11.3 0.36 
115 JJ m Quartz 7.6 X 109 o. 70 9.5 6.2 0.33 
41 JJ m Quartz 2.6 X 109 0.26 4 0.1 0.0125 
115 JJ m Sil icon 8.4 X 109 0.90 15.5 3.6 0.116 
carbide 
5lµm Silicon 6.6 X 109 0.39 9.5 0.36 0.0189 
carbide 
36 JJ m Sil icon 2.6 X 109 0.13 2.5 0.15 0.03 
carbide 
120 JJm Alumina 19 X 109 1.30 15.5 7.2 0.23 
130 }'m Zircon 8.0 X 109 1.30 15.5 10.7 0.34 
Arnot PF 8.2 X 107 0.033 15.5 13.5 0.43 
Duvha PF 3.3 X 107 0.012 9.5 9.0 0.47 
Matl a PF 2.8 X 107 0.0072 9.5 6.2 0.33 
Kri el PF 2.3 X 107 0.0070 9.5 5.7 0.30 
The values of the total cumulative volume of material removed (determined 
by measurement of the crater dimension Ls) and the erosion rates 
determined experimentally for all the particle types are in good 
agreement. as can be seen from the table above. 
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It is also evident that, as the particle diameter i ncreases, not only 
does the depth to wh i ch l atera l cracking occurs increase, but the ratio 
h;2L a lso in creases . It i s interesting to note that the ratios of 
s 
h/2L for quartz and s ili con carbide, ca lculated from the data repor t ed 
by Evans et al (1 978 ) are in agreement with the va lues obtained i n this 
study, despite the fact th at th ey used harder target materials (MgO, MgF2 
and Si2N4) and higher ve l ocities (89 - 190 ms-1) than those employed in 
this investigation . The assumption (made in Section 6.1) that the ratio 
h;2L remains constant for all part i c l e types and sizes is clearly not 
s 
true . In Fi gure 6 .7 t he ratio h;ZL is pl otted as a func ti on of 
s 
impacting par t ic l e di ame t e r and a tre nd , wh i ch may t ur n out to be li near 
wi t h t he ac cumu la t ion of more da t a poi nt s , is observed . 
Th ere wa s no cor r e lation betwe en t he r atio h; 2Ls and t he latera l crac k 
length, Ls· 
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Three important points emerged as a result of this study . 
(i) For any one given particle type, although the range of particle 
sizes existing within the fraction may be small, the range of 
crater sizes \'lhich the abrasive produces is very large. This 
effect is probab ly primarily due to particle orientation effects, 
i.e. particles may strike the target surface in any orien tat i on -
sometimes with a sharp point, sometimes with a flat side. 
(ii) The larger crater sites produced by a given abrasive are very 
important since they are respons i ble for the remova l of most of the 
target material. Thus, for any given particle size, only a small 
fraction of those particles produce the bulk of target material 
removal. It also follows that small particles, even though they 
may constitute the bulk of the erodent, are irrelevant as 
contributors to the total volume of material that is removed. 
(iii) Finally, the ratio of the depth to "'lhich lateral cracking occurs 
and the radius of the crater does not remain constant, but alters 
according to the diameter of the particle, with larger particles 
resulting in craters with higher ratios, that is, steeper craters. 
The discrepancies which exist between the erosivity of the pulverized fuels 
(as predicted in terms of particle size distribution and quartz content) and 
the actual erosivity of the fuels, can be explained by the results of this 
study. As has been discussed in this Chapter, it is only a fraction of the 
particles within a size range which produce larger crater sizes and which 
remove the majority of the material. 
Similarly for the pulverized fuels, it is only a small fraction of the quartz 
particles present within a screen fraction that is responsible for the 
majority of the material removal. This clearly illustrates that screen 
analysis and X-ray diffraction analysis alone are not a sufficiently sensitive 
means of predicting erosivity, and the actual damage created by the particles 
must be examined. 
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By comparison of the actual impact damage, par ti cularly the range of crater 
parameters Ls, Lv, Lm and h, of the pulverized fuels and of the pure 
abrasives, suitab l e replacements for the pul ver ized fuels for use i n 
accelerated testin g could be the 230 J.J m diameter quartz , 115 J.J m diameter 
quartz, 115 J.J m diameter s il i con carbide , 120 J.J m diameter alumina and 130 ,J.J m 
diameter zircon. However, as discussed i n Chapter 5, t he influence of 
particle parameters should als o be taken into consi derat i on and with this i n 
mind , the 230 /J m diameter quartz , 115 JJ m diameter si li con carbide and 120 J.J m 
diamete r al um i na shou l d be rejected s i nce t he ir vel oc ity expo nent s are t oo 
l ow . Zircon was already el i minated from con side ra t ion in Ch apter 5 as a 
res ul t of its par ticl e sha pe, and t he 41 JJm di ameter quartz and 36J.J m di ame te r 
s il icon carbide, which, in t erms of particl e parameters appear suitable as 
replacements for the pulverized fuels, are fo und to be unsuited on examination 
of the damage produced - the crater sizes were very much smaller than those 
resulting from pulverized fuel impact. 
As a result of this research, the 115 JJm diameter qua r tz was selected as the 
most suitable replacement, since both the character of the impact damage and 
its velocity exponent of 3.2 are very similar to that of these pulverized 
fuels. Although the synergistic effects discussed in Section 4.3.4 could play 
a role, the increase in erosion rate which a mixture of quartz size ranges 
would produce is not very great, and the character of the damage produced by 
the 115 )J m diameter quartz al one represents that of the pulverized fuels 
well. As far as the Arnot pulverized fuel is concerned , the 230 )Jm diameter 
quartz would have been the most suitable replacement, in terms of damage 
parameters, but its velocity exponent is too l ow (n = 2.6), as opposed to that 
of Arnot pulverized fuel (n = 3.8). A compromise must thus be made, and for 
simplicity's sake, the 115,um diameter quartz was again selected. 
The selection of 115JJm diameter quartz as t he replacement also conveniently 
eliminates such particle parameter effects as hardness which would have to be 
corrected for, if the candidate materials were to be eroded by a harder 
abrasive. In addition, quartz is particularly well-suited as a replacement 
since it is the major erosive constituent occurring naturally in the 
pulverized fuels. The 115pm diameter quartz produces erosion rates which are 
factors of 21, 58, 97 and 100 times greater than those of Arnot, Duvha, Matla 
and Kriel pulverized fuel, respectively, at 35 ms-1. 
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CHAPTER 7 CONCLUSIONS 
A simple particle-gas stream erosion apparatus was employed in the 
characterization and compar i son of the erosive behaviour of several pure 
abrasives and four pulverized fuels. Since high erosion rates were desired, 
high velocities and an angle of i mp ingemen t of 90° were employed. In order to 
be ab le to relate the experimental conditim,s to the in-service situati on, the 
ef fec t of variations in velocity and angle of incidence on erosion rate was 
established. It was found that the max imum in erosion rate occurs at 90° for 
all the abrasive me dia and that, in general, there is acceptable agreement 
between the experimentally determined erosion rates and those predicted by the 
expression E9o(sinol.)n for angles as low as 35°. 
The influence of several particle parameters on erosion rate was investigated 
since controversies were found to exist as regards some of these parameters. 
The range of velocity exponent values obtained in this study span those 
predicted by the models of Evans et al (n = 3.2) and Ruff and Wiederhorn 
(n = 2.4) and are comparable to those obtained by other researchers. A 
definite velocity exponent - particle size dependence exist for quartz and 
silicon carbide, with the exponent decreasing as particle size increases and 
the dependence may be expressed by a relationship of the form n = qo-P. The 
erosion rate increases as particle size increases and the particle size 
exponent obtained in this investigation is in good agreement with the 
theoretically predicted value of 3.7. Particle density has the effect of 
increasing the erosivity of a particular particle type and the exponent value 
obtained as a result of this investigation is 1.30, as compared to the value 
of 1.20 predicted by the quasi-static model of erosion. Since the target 
material is softer than all the abrasives, none of the opinions of researchers 
as to the effect of hardness on erosion rate could be said to be more 
acceptable. 
The major aim of this investigation was to characterize the pulverized fuels 
in terms of their particle characteristics and to propose a suitable 
replacement for the pulverized fuels for use in accelerated erosion testing. 
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Since the erosive characteristics of the pul ve rized fuels could not be 
explained in terms of their particle size distributions and quantitat ive X-ray 
diffraction analyses alone, a study of the actual impact damage produced by 
th e pulverized fu els (as we ll as the pure abrasives) was undertaken . This was 
done by the analysis of the single impact damage even t s . Note that a sin gle 
i mpact study such as this can only be performed on a material su ch as glass , 
since a polycrystalline material woul d obscure the results. It was found 
that, for a given abrasive, the range of crate r sizes produced is an order of 
magnitude greater than the range of particle sizes. It was established that 
it is the large crater sites alone which are responsible for most of the 
material removal, with the small particles contributing very little t o t he 
removal proces ses. As a result of the single impact damage analysis, it 
became evident that it is not sufficient to consider the particle parameters 
alone when selecting a suitable replacement for the pulverized fuels. 
Based upon consideration of both the particle parameters and several aspects 
of the damage produced, it can be proposed that 115 J,lm diameter quartz would 
be the most suitable replacement for the pulverized fuels for use in 
accelerated erosion testing. Quartz has the added advantage of being the 
major erosive constituent occurring naturally in the pulverized fuels. 
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APP E14 0IX I 
Min eralogical Analysis - Th e Internal Standard Method 
The materials used in preparing the series of mixtures for the calibration 
curve were : 
(a) Blesberg silica (200 mesh 3/78) - a commercially available fine - grained 
quartz materia l. 
(b ) Glass - obtained by crushing container bottles. 
(c ) Extra pure calcium fluoride (fluorite). 
The percentage of quartz present in the mixtures ranged from 2.10 to 31.58 per 
cent . 1 
Operating Conditions 
The Cu tube was operated at 40 kV and 20 mA. Divergence and receiving slits 
of ~ 0 and an anti-scatter sli"t of 1° were used. The scanning speed was set at 
1°28/min, with a time constant of 1. 0.05g CaF2 was added to 0.95 g of each 
sample which was then ground in a vibratory agate mill for 10 minutes. The 
positions at which the peak and background intensities were measured are 
listed in the table below: 
TABLE I Peak and background intensities measured 
PHASE BACKGROUND PEAK BACKGROUND 
Qu artz ( 112) 49° 49 - 51° 51° 
CaF2 (220) 46° 46 - 48.3° 48.3° 
I I 
APPENDIX I I 
Velocity Measurement 
The apparatus, which consists of a common shaft (20 mm long) on which two 
discs (made from 0. 6 mm thick mil d steel) are mounted , is placed 10 mm from 
the exit port of the erosion apparatus . The disc nearest the exit port has a 
radia l slit (1 rnm by 10 mm) through which particles pass, eroding the highly 
polished surface of the second disc. 
Ruff and Ives (1975) made two erosion exposures, one with the discs stationary 
and the other with the discs rotating at a known constant velocity. 
Mea surement of the angular displacement between the erosion marks thus formed 
gives a measure of the time-of-flight of the particles as they travel from the 
first disc to the second. 
The Ruff and Ives technique was subsequently modified by Wiederhorn and Hockey 
(1983) by making erosion exposures on the second disc by rotating the 
apparatus first in one direction and then in the other, the motor speed being 
kept constant throughout. This modified technique was employed in the present 
work, and the constant motor speed was monitored by means of a di gi ta 1 
tachometer. The velocity of the particles was controlled by the air pressure 
and was calculated by means of the equation: 
V = 4 n rvl/S 
where V = average particle velocity (ms-1) 
L = 20 mm (the distance separating the 2 discs) 
v = 35 s-1 (the disc rotating velocity) 
r = 20 mm (radial distance from the disc centre) 
S = angular displacement between erosion marks (mm) 
The relationship between the average particle velocity and the air pressure 
may be expressed as a linear relationship of the form: 
V = a P + c 
where a and care constants 
P = air pressure (kPa) 
I I I 
V = average particle velocity (ms-1) 
Th e valu es of a and c obta in ed for th e various impacting particle types are 
li sted below . 
TA BLE II The co ns tants a and c 
CONSTANT 
PARTICLE TYPE 
a C 
Arnot PF 0.103 14.01 
Duvha PF 0.085 17.00 
Matla PF 0.095 15.38 
Kriel PF 0.083 17.91 
230 )J m Quartz 0.087 17. 20 
115 }'m Quartz 0.089 15.57 
41 JJ m Quartz 0.084 17.49 
115,um SiC 0.114 15.22 
51),JmSiC 0.117 16.33 
36 ,um SiC 0.096 18.42 
120 ,um Alumina 0.105 13 .25 
130 }Jm Zircon 0.098 17.45 
A typical example of the type of plot obtained is illustrated in the figure 
below. 
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The measured variation of particle velocity with air pressure. 
The average distance from the exit port to the rotating discs is 
10 mm 
It would appear that the linear ext rapolation of t he form V = aP + c fits the 
data points very well and t he expression can be used for the pressure range 
100 kPa to 340 kPa. However, the equation has a large positive y-intercept [a 
situation found also by Ruff and Ives (19 75 )] and particle velocities of 
pressures below 100 kPa must be determi ned exper imentally and not by 
extrapolation. 
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APPENDIX III 
Erosion rate [milligrams of material lost per gram of abrasive particles 
(mg/g)J versus particle velocity (ms -1) for the pure abrasives and for the 
pulverized fuels . 
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APPENDIX IV 
Locations of the power stations, from which the pul verized fuels were 
obtained, are illustrated in the Figure below . 
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PRETORIA D 
eDUVHA eARNOT 
JOHANNESBURG D 
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50 km 
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eMATLA 
Locations of the power stations from which pulverized fuel has 
been analysed. 
The following addi ti onal information concerning the pulverized fuels was 
supplied by ESCOM. The information does not have a direct relationship to 
erosion and has been included for the sake of completeness. 
VI I 
TABLE IIIa Coal analysis 
POv/ER STA TI ON ARNOT DJ VHA MATLA KRIEL 
COLLIERY ARNOT DOUGLAS MATLA KRIEL 
SAMPL E DATE MARC H 1983 APRIL 1983 JUNE 1982 JUNE 1983 
Volatile matter 23 ,59 25,08 23,08 22 ,50 
Ash 25,74 20,29 25,83 23,87 
Moi sture 4,04 2,81 4,29 5,50 
Sulphur 1, 28 1,83 1, 16 0, 79 
Co2 1,35 1,56 2,78 1, 92 
Fixed carbon 46,63 51,82 46, 80 48 ,08 
Hy drogen 3,37 3,66 3,23 3,17 
Ni trogen 1,37 1,45 1,31 1,28 
No t e the high ash content of the coals 
TABLE IIIb : Analysis of the ash obtained from the above coal samples 
POWER STATION ARNOT DJVHA MATLA KRIEL 
Silicon (Si02) 51, 72 48,90 47,50 51,8 
Alumium (Al203) 27,0 30,90 24,90 23,4 
Iron (Fe203) 6,95 5,70 5,0 3,2 
Ti tanium (Ti 02) 1,58 1,90 1,40 1,8 
Ph osphorous (P205) 0,92 1,60 0,90 1,5 
Cal c i um (Cao) 6,25 5,20 11, 10 11,0 
Magnesium (MgO) 1,31 0,60 2,60 2,2 
Sodium (Na20) 0,88 0,40 0, 1 0,3 
Po tassium (K20) 0,51 0,50 1,1 0,6 
Manganese (MnO) 0,05 0,04 0,2 0,01 
Sulphur (S03) 3,78 4,3 4,4 4,2 
VI I I 
APPENDIX V 
Histograms (per cent volume and per cent number versus diameter of craters 
(pm)) for the pure abras ives and for the four pul verized fuels. The 
reproduc ibility of the results is illu strated in (a) . 
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